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Foreword

This report highlights the research accomplished during fi scal year 2001 by Ames Research Center scientists and 
engineers. The work is divided into accomplishments that support four of NASA̓ s Strategic Enterprises: Aerospace 
Technology, Space Science, Biological and Physical Research, and Earth Science. The key purpose of this report is to 
communicate information to our stakeholders about the scope and diversity of Ames  ̓mission and the nature of Ames 
research and technology activities.

Ames Research Center is making signifi cant contributions to the Aerospace Technology Enterprise mission by de vel -
op ing and commercializing high-payoff aeronautics and space trans por ta tion technologies. Under NASA̓ s Aviation 
Systems pro gram, Ames is developing air-traffi c management decision-support tools that will signifi cantly improve the 
pro duc tiv i ty of the nationʼs airports. Ames is a leader in the application of neural networks and genetic algorithms for 
the real-time reconfi guration of fl ight controls, and is developing new thermal protection systems that promise radical 
improvements in ve hi cle entry performance.

Ames is recognized as a world leader in Astrobiology, the study of life in the Universe and of the chemical and physical 
forces and adaptations that infl uence lifeʼs origin, evolution, and destiny. Key areas of research include the study of the 
abun dance and distribution of biogenic compounds conducive to the origin of life, the study of life in extreme en vi -
ron ments, and modeling of clouds in brown dwarf atmospheres and the ther mal properties of dust grains in comets. Ames 
supports the Offi ce of Earth Science by conducting research in bio-geochem i cal cycling, ecosystem dynamics, and the 
chemical and trans port processes that determine atmospheric composition, dy nam ics, and climate. The work supports our 
astrobiology effort, by studying the physical and biological processes that determine the behavior of the atmosphere on 
Earth and on solar system bodies. Support for the Biological and Physical Re search Enterprise is centered around the role 
that gravity has played in shaping life on Earth, and what effect its absence has on living systems in space. Research car-
ried out at the sub-cellular level specifi cally addresses the fundamental biological mechanisms underlying phys i o log i cal 
changes in humans caused by the spacefl ight environment. Work also continues on developing life-support ca pa bil i ties 
for long-duration travel and habitation on other planets, as well as equipment to operate safely and effectively in micro-
gravity.

Ames has also been designated the Agencyʼs Center of Ex cel lence for Information Technology. The three cornerstones of 
Information Technology research at Ames are automated rea son ing, human-centered computing, and high performance 
computing and networking. The mission critical capabilities enabled by NASA̓ s three cornerstones of Information Tech-
 nol o gy span all of NASA̓ s strategic enterprises.

For further information on Ames  ̓research and technology projects, please contact the person designated as the point of 
contact at the end of each article. For further information about the report itself, contact Dr. Stephanie Langhoff, Chief 
Scientist, Mail Stop 230-3, NASA Ames Research Center, Moffett Field, CA 94035. An electronic version of this report 
is available on the Ames home page.

G. Scott Hubbard
Director,  Ames Research Center 
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A e r o s p a c e  T e c h  n o l  o  g y
E n t e r p r i s e



       AEROSPACE TECHNOLOGY                                 
    E N T E R P R I S E

NASAʼs mission for the Offi ce of Aerospace 
 Technology (OAT) Enterprise is to pioneer the 
iden ti fi  ca tion, de vel op ment, application, and 
commer cial i za tion of high-payoff aeronautics and 
space- transportation tech nol o gies. The En ter priseʼs 
 research and tech nol o gy programs pro mote eco-
 nom ic growth and con trib ute to the national secu-
rity through advances that will lead to a safe and 
ef fi  cient na tion al aviation system, affordable and 
re li able space transportation, and improved informa-
tion-management systems. 

Research and development conducted by the OAT 
Enterprise is led by individual NASA research 
 centers according to primary roles and core com pe -
ten cies. Ames Research Center utilizes its core com-
 pe ten cies and its areas of unique expertise to lead 
re search and tech nol o gy development activities to 
achieve the OAT En ter prise goals. Those goals are to:

• Develop an environmentally friendly global air-
transportation system for the next century that 
will provide  unquestioned safety and improve the 
Na tionʼs mo bil i ty

• Revolutionize air travel and the way in which 
air and space vehicles are designed, built, and 
 operated

• Achieve the full potential of space for all human 
endeavors through affordable space transportation

The OAT Enterprise manages through a carefully 
defi ned set of technology areas that are aligned with 
designated Center Missions. Lead Centers have the 
responsibility to manage the implementation and 
execution phases of technology programs. To achieve 
this mission, NASA has designated Ames Research 
Center as the Center of Excellence for Information 
Technology and has delegated to Ames the lead role 
for basic research in Aviation Op er a tions Systems, 
Information Systems Technology, and Rotorcraft. 
Ames is also the NASA Lead Center for focused 
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A controller using the Surface Management System (SMS) dur-
ing a simulation in FutureFlight Central.
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programs in Aviation System Capacity and High-
Performance Computing and Com mu ni ca tions. To 
perform these leadership roles, Ames main tains 
Agen cy leads in the core competencies of in for -
ma tion technology, biotechnology, nanotechnology, 
and aerospace operations systems, with unique 
ex per tise areas in vertical fl ight and in thermal pro-
 tec tion systems. 

The goals and plans of the OAT Enterprise directly 
sup port national policy in both aeronautics and 
space, as those goals and plans are documented in 
“Goals for a Na tion al Part ner ship in Aeronautics 
Research and Tech nol o gy” and the “National Space 
Trans por ta tion Pol i cy,” re spec tive ly. The following 
paragraphs high light Ames Research Centerʼs 
accomplishments in FY01 to ward achieving the 
goals of the En ter prise.

G l o b a l  C i v i l  A v i a t i o n
Air transportation is an essential com po nent of the 
economic progress of the United States. Effi cient 
aviation operations assist in domestic in dus tri al 
progress and help U.S. businesses compete in the 
increasingly global marketplace. Avi a tion products 
are also a major contributor to a positive U.S. in dus -
tri al balance of trade. Projections linked to world 
economic growth suggest that air travel demand will 
double over the next 20 years.

To preserve the Na tionʼs economic health and the 
wel fare of the traveling public, NASA must provide 
technology advances that contribute to safer, clean er, 
qui et er, and more af ford able air travel. Ames has 
un sur passed expertise in key disciplines that are 
req ui site to ad dress ing these challenges. These 
dis ci plines include hu man-centered air-traffi c man-
 age ment au to ma tion tools, innovative rotorcraft and 
short takeoff ve hi cles, integrated de sign-au to ma tion 
tools, and tech nol o gies for man ag ing and com mu ni -
cat ing in for ma tion on every level. Ames maintains 
key na tion al fa cil i ties that are cru cial for performing 
the basic and applied research needed to support the 
U.S. aero space industry. These efforts are all part of 
Ames  ̓contribution to safety, ca pac i ty, and afford-
ability objectives. 

Airlines and other businesses lose billions of dollars 
an nu al ly as a result of delays and lost productivity 
ow ing to weath er and traffi c congestion in the cur-
 rent air space system. Under the Aviation Systems 
pro gram, Ames has developed air-traffi c man age -
ment de ci sion-support tools such as the Direct-To 
(D-2) com po nent of the Center/ TRACON Au to -
ma tion Sys tem (CTAS). The success of the CTAS 
has led to its widespread FAA acceptance, includ-
ing fi elding the system at numerous major airports 
across the coun try. During FY01, the in stal la tion of 
these tools was continued at several U.S. sites under 
the FAA̓ s “Free Flight Phase 1” pro gram. Ames 
also leads in the development of in no va tive air ve-
 hi cles, such as the Civil Tiltrotor transport, that can 
lay the foun da tion for changes in airport op er a tions 
that will help decrease avi a tion congestion.

While increasing the capacity and affordability of 
the aviation system, Ames is improving safety with 
inno vative re search into new aircraft crew station 
de signs and dis play sys tems and into human-cen-
 tered air-traffi c con trol ler sta tion design. In ad di tion, 
ad vanced neu ral network con trol systems prom ise 
the ability to au ton o mous ly reconfi gure a vehicle 
so that it can sur vive the fail ure of virtually any 
of its systems. An example of this reconfi guration 
ca pa bil i ty was fl ight tested in con junc tion with the 
Dryden Flight Re search Cen ter.

A major challenge associated with the more ex ten -
sive use of rotorcraft in alleviating air-traffi c con ges -
tion is noise abate ment. Ames projects are pro vid ing 
rev o lu tion ary tech nol o gy advances in aeroacoustics, 
in clud ing Higher Har mon ic Control (HHC) for 
blade-vortex-interaction noise reduction, phased 
microphone-array tech nol o gy, and de vel op ment of a 
Tilt Rotor Aeroacoustic Model (TRAM). Some ear ly 
results indicate that HHC might reduce rotor noise 
by a factor of 4 at certain frequencies.

R e v o l u t i o n a r y  T e c h n o l o g y  
NASA̓ s charter is to explore high-risk technology 
areas that can revolutionize air travel and create new 
markets for U.S. industry. The technology chal leng es 
for NASA include eliminating the bar ri ers to af-
 ford able and environmentally friendly high-speed 
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travel, expanding general aviation, and ac cel er at ing 
the application of technology advances to increase 
 design confi dence and decrease design cycle time.
Next-generation design tools will revolutionize the 
aviation industry and benefi t all three OAT En ter -
prise goals, contributing to every tech nol o gy ob jec -
tive. Ames  ̓aerospace and information technology 
re search programs are developing aero space-vehicle 
design tools that integrate the design system with 
performance analysis and high-ac cu ra cy com pu ta -
tion al and wind-tunnel performance testing. These 
Ames-developed systems have dem on strat ed order-
of-magnitude improvements in the time required 
to develop and validate a suc cess ful design. The 
Con trol Designerʼs Unifi ed Interface (CON DUIT) 
tech nol o gy, developed at Ames to great ly reduce 
the time required to design control systems, is now 
in wide spread use in both gov ern ment and industry. 
Ad di tion al research at Ames in in for ma tion tech-
 nol o gy will elevate the power of computing tools 
to that of artifi cial domain experts through the ap-
 pli ca tion of fuzzy logic, neural networks, and other 
new ar ti fi  cial intelligence methods. New tools will 
in te grate multi disciplinary product teams, link ing 
de sign, op er a tions, and training databases to dra-
 mat i cal ly cut de sign-cycle times and improve opera-
tional ef fi  cien cy. Ames  ̓accomplishments include 
applying neural networks and genetic al go rithms 
for real-time reconfi guration of integrated fl ight 
controls to al le vi ate system failures, aero dy nam ic 
op ti mi za tion design and analysis tools, and the En-
 vi ron men tal Research Aircraft and Sen sor Technol-
ogy (ERAST) fl ight program. Ad di tion al ly, in FY01 
Ames made signifi cant progress in the ap pli ca tion 
of nano tech nology, including dem on stra tion of the 
ability to create nano-scale electronic devices uti-
 liz ing car bon nanotubes. 

A c c e s s  t o  S p a c e
Low-cost access to space is key to realizing the com-
mercial potential of space and to greatly ex pand ing 
space research and exploration. Through integration 
of aviation technologies and fl ight op er a tions prin ci -
ples with commercial launch ve hi cles, a tenfold re-
duction in the cost of placing pay loads in low-Earth 
orbit is anticipated within the next decade. High 
reliability and rapid turnaround are the fi rst steps 
to increased confi dence in de liv er ing payloads on 

time with smaller ground crews. NASA has ini ti at ed 
 research on a broad spectrum of tech nol o gy advance-
ments that have the potential to re duce costs well 
beyond the initial reusable launch vehicle goals. 
This involves new technologies and the in te gra tion 
of aeronautical principles such as air-breath ing pro-
 pul sion and advanced structures. This will en able a 
cost-to-orbit measured in hun dreds, not thou sands, 
of dollars per pound. Ad di tion al in no va tive work 
in interplanetary spacecraft thermal pro tec tion and 
 autonomous vehicle systems prom is es to de crease 
the mass of interplanetary space craft while dra mat i-
 cal ly improving their re li abil i ty and per for mance.

Ames is developing new thermal protection sys-
tems that will enable radical improvements in ve-
hicle entry performance. If forced to de-orbit in an 
emer gen cy, current spacecraft, such as the space 
shuttle, have very limited cross-range capabil-
ity; con se quent ly, the crew has very few available 
landing sites. Dra mat ic improvements in thermal 
protection tech nol o gy, such as the SHARP (Slen-
der Hyper velocity Aerothermodynamic Research 
Probe), will allow radically different aerodynamic 
shapes that will lead to dramatic improvements 
in cross-range capability. A fl ight test of some of 
these tech nol o gies, con duct ed aboard a rocket in 
the B-2 ex per i ment, is yielding data that will be 
helpful in un der stand ing more com plete ly the ways 
in which these new ma te ri als must be developed. 
Ad vanced sensor tech nol o gy and in tel li gent vehicle 
health man age ment re search will provide order-of-
mag ni tude de creas es in the cost and time required 
to in spect and re fur bish re us able launch ve hi cles. 
These Ames tech nol o gies are at the heart of system-
wide im prove ments in the launch-to-low-Earth-orbit 
space transportation mar ket.

Aviation and space transportation have been ex cit ing 
and challenging areas of scientifi c and en gi neer ing 
endeavor since their inception. The basic aero space 
paradigm is shifting from large hardware de vel op -
ments to information-based design and data system 
management. As NASA̓ s Center of Ex cel lence for 
Information Technology, Ames Research Centerʼs 
contribution will continue to grow through out the 
new century.
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Intelligent Neural Flight and Propulsion Control System
Karen Gundy-Burlet

Modern commercial aircraft constitute one of the 
safest transportation systems ever designed. But 
even with their track record of successful operation, 
aircraft remain vulnerable to failures of flight-
control systems, whether because of accident or 
equipment malfunction. Post-accident analyses 
of catastrophic flight-control accidents show that 
stricken aircraft usually retain some working con-
trol surfaces at the time of the crash. Given enough 
time, a skilled pilot can often determine how to 
compensate for the loss of a control surface, but 
there is usually not enough time during an aircraft 
emergency for a human pilot to determine the 
nature of the failure and learn how to compensate 
for the loss. The objective of this program is to 
develop next-generation neural flight controllers us-
ing enhanced neural network adaptive-control algo-
rithms and interface technologies to automatically 
compensate for a broad spectrum of damage or fail-
ures, to control remote or autonomous vehicles, and 
to reduce costs associated with flight-control law 
development.

The Intelligent Neural Flight and Propulsion Con-
trol System (INFPCS) was successfully demon-
strated in 2000 on a modern fly-by-wire concept 
transport-class aircraft. As a result of the success 
of the INFPCS experiment, the question arose as to 
whether or not the concept could be retrofitted onto 
todayʼs transport fleet, which mostly utilizes 
hydraulics and cables to drive the control surfaces. 
One major issue in evaluating a potential retrofit 
solution was measuring the trade-off between ben-
efit and cost. The objective of the study was to find 
the lowest cost implementation that had significant 
benefit potential.

The test platform selected for the retrofit study was 
the B747-400 Level-D certified flight simulator at 
Ames Research Center (figure 1). Like many air-
craft, the B747-400 is equipped with a hydraulic 
actuator control system, yaw-damper, and simu-
lated force-feel steering column/wheel interface. 
The throttles could not be individually driven in 
this aircraft, so propulsion control was not utilized 
in the retrofit experiment. However, the resulting 
Neural Flight Control System (NFCS) still provides 
handling qualities that can be shaped for different 
flight conditions and aircraft configurations. These 
handling qualities are shaped with the use of a neu-
ral adaptive rate-command-attitude-hold (RCAH) 
system. Most commercial aircraft are designed to 
provide adequate flying performance with only a 
yaw-damper, but advanced aircraft such as the B777 
incorporate full-stability-augmentation systems on 
every axis, and Airbus even provides full RCAH 

Fig. 1. Ames Research Center Boeing 747-400 Level D flight 
simulator. 
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Los Angeles International Airport Runway Incursion Studies: 
Finding Solutions for a Safer Airport
Nancy Dorighi

capability. Although RCAH and stability-
augmentation system benefits can be achieved 
through conventional control-system technology, 
another benefit of the NFCS system is that handling 
qualities can be maintained in the event of damage 
or failures, while sufficient control authority 
remains available.

In FY01, several different retrofit options were 
considered, and two specific options (lower and 
higher cost) were implemented on the Boeing 747-
400 Level D certified simulator. For the lower-cost 
option investigated, the axes in the NFCS were 
decoupled, allowing for the possibility that the sys-
tem could be independently and locally applied to 
each of the pitch, roll, and yaw axes. With the other 

option, the roll and yaw axes were coupled and 
daisy-chaining of pitch control into the ailerons was 
allowed. Both of the options that were investigated 
provided RCAH capability but different levels of 
damage-adaptive capability to the aircraft. Piloted 
flight simulations in FY01 showed that the NFCS 
significantly improved the handling qualities of the 
aircraft, for both normal flight conditions and for 
a variety of failure scenarios, such as engine out, 
jammed stabilizer, and rudder hard-over scenarios.

Point of Contact: K. Gundy-Burlet
(650) 604-3603
Karen.L.Gundy-Burlet@nasa.gov

Ames  ̓FutureFlight Central (FFC), a virtual air-traf-
fic control tower, was designed to realistically mod-
el a complete airport environment, providing a way 
to safely assess (1) changes to airport procedures 
and physical layout, and (2) new technologies. In 
the Los Angeles International Airport (LAX) Run-
way Incursion studies, Ames staff used FutureFlight 
Central to recreate the complex work environment 
of controllers at LAX and tested ways to improve 
runway safety. Integral to the study was the partici-
pation of LAX controllers who served as test sub-
jects. Based on the study results, LAX management 
is proceeding with steps toward implementation of a 
taxi extension at the end of the 25R/25L runways.

The overall objective of the Runway Incursion stud-
ies was to assess alternative changes to either the 
airport layout, operational procedures, or both, which 
could reduce the possibility of runway incursions. A 
runway incursion is a loss of separation between air-
craft on approach or taking off, resulting in a colli-

sion hazard with another aircraft (or vehicle) on the 
runway. The Federal Aviation Administration (FAA) 
has declared reducing runway incursions a top pri-
ority. Because LAX led U.S. airports in the number 
of runway incursions in both 1999 and 2000, an 
FAA task force proposed a set of alternatives that 
could potentially improve safety at LAX. Ames staff 
conducted two simulation studies of LAX in Future-
Flight Central: the first, a baseline to validate the 
facilityʼs accurate representation of LAX operations, 
and the second, a simulation to evaluate six alterna-
tives for their effect on safety and capacity.

In the first simulation, Ames staff demonstrated 
that FFC could represent the LAX operational en-
vironment with sufficient realism. To do so, simula-
tion engineers created peak arrival and departure 
traffic scenarios which LAX controllers managed in 
real-time under visual and instrument flight rules. 
Figure 1 shows an LAX local controller managing 
virtual LAX traffic at FFC. The facility depicted an 

R E V O L U T I O N I Z E  A V I A T I O N
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accurate 360-degree view from the control tower 
including reduced visibility, moving aircraft, engine 
noise, and simulated controller-pilot radio commu-
nications. Three types of measurements were used 
to validate the facility: controller surveys, aircraft 
surface movement metrics, and voice communic-
ation recordings. 

In the second simulation, LAX controllers tested the 
following alternatives: swapping runways used for 
arrivals and departures, adding an additional con-
troller in the tower, and four variations utilizing the 

Fig. 1. LAX air traffic controller working virtual traffic in Future-
Flight Central.

proposed B-16 taxiway extension under different 
sets of procedural rules with or without an addi-
tional controller. All alternatives were tested with 
peak arrival and peak departure scenarios under 
visual flight rules.

An LAX air-traffic tower manager summed up the 
value of the simulation for the airport: “The NASA 
simulation was remarkably similar to LAX in real 
life. … Simply put: If we could not get it to work in 
the simplified version of LAX airport, then it was 
clearly not going to work at real LAX. This saved 
the airport a lot of time (and money) in eliminating 
those untenable procedures and/or options.”

In conclusion, because airports intrinsically in-
volve multiple stakeholders, the project is a model 
for future airport research. The FAA, Los Angeles 
World Airports (LAWA), and United Airlines jointly 
sponsored the LAX Runway Incursion studies. By 
including airline and air-traffic control 
involvement in the design and execution of the 
study, this study cultivated a greater consensus for 
the outcome and built support toward an eventual 
solution.

Point of Contact: Nancy Dorighi
(650) 604-3258
Nancy.S.Dorighi@nasa.gov

Computational Modeling of Pilot Taxi Errors
Allen Goodman, David C. Foyle

Five human-performance models differing in archi-
tecture, fidelity, and prior application were applied 
to taxi navigation. Each model was assessed for its 
utility in generating and explaining a subset of the 
12 navigation errors that were actually committed 
by airline pilots participating in a simulation. These 
errors are examples of the type of human error cited 

as causing 60% to 80% of aviation accidents. 
Efforts to improve the safety of the civil aviation 
system and reduce accident rates must address the 
underlying causes of human error and develop strat-
egies for prevention and mitigation. Effective 
human modeling and simulation can flag error-prone 
designs before expensive prototypes are built or sys-

R E V O L U T I O N I Z E  A V I A T I O N
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tems fielded. Human-performance modeling tools 
can evaluate the performance implications of new 
design concepts early in the development process.

A formal review of human-performance models re-
vealed a variety of architectures and approaches, but 
few that had attempted to predict errors. Since many 
were developed and validated primarily with labo-
ratory data, it was a challenge to apply them to the 
dynamic, interactive complexities of aviation. Each 
type of model emphasized certain aspects of hu-
man perception, cognition, and behavior, and did so 
with varying fidelity; thus, no one approach would 
be likely to capture all of the behaviors and failures 
inherent to the domain. To gain a better understand-
ing of the capabilities and limitations of human 
performance models, five approaches were selected 
for development and application to a specific avia-
tion problem: (1) ACT-R/PM (Atomic Components 
of Thought-Rational/Perceptual Motor) is an activa-
tion-based production system architecture of cogni-
tion with enhanced perceptual and motor processes; 
(2) Air MIDAS (Air Man-Machine Interface De-
sign Analysis System) is an integrative model of a 
goal-seeking human(s) immersed in a context-rich 
environment; (3) A-SA (Attention and Situational 
Awareness Model) is a computational model of 
attention and level of situational awareness; (4) D-
OMAR (Distributed Operator Model Architecture) 
is a general purpose, event-based simulation devel-
opment environment; and 

(5) IMPRINT/ACT-R (Improved Performance 
Research Integration Tool/Atomic Components of 
Thought) is a procedural task network model linked 
with an activation-based production system archi-
tecture of cognition. All but one (A-SA model) was 
well-established with numerous prior applications 
and validation efforts. 

Each modeling team constructed a dynamic repre-
sentation of the taxi-navigation portion of a recently 
conducted, high-fidelity, full-mission simulation. 
These deviations from the assigned course as pilots 
taxied after landing were seen as especially useful 
because the errors were clearly specified, well-doc-
umented, and very realistic. In Figure 1, a screen 
capture from a D-OMAR animated runtime display 
shows the movements of two conflicting aircraft 
on taxiways, along with model-generated pilot and 
ATC communications. Explanations derived from 
the models included instances of decision errors 
resulting from poor situational awareness, crew 
coordination problems caused by distraction and 
workload, and execution errors based on heuristic 
biases invoked by time pressure. Predictive capa-
bilities were demonstrated by some of the models 
(e.g., new errors were generated that extended 
and slightly varied the original taxi conditions and 
events). The modeling results confirmed the prom-
ise of human performance modeling and also dem-
onstrated the challenges.

R E V O L U T I O N I Z E  A V I A T I O N
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Opportunities for and Vulnerabilities to Error in Everyday 
Flight Operations
Loukia D. Loukopoulos, R. Key Dismukes, Immanuel Barshi

Fig. 1. A screen capture from a D-OMAR animated runtime display shows the movements of two conflicting aircraft on taxiways and the 
model-generated pilot and ATC communications.

Point of Contact: Allen Goodman
(650) 604-5692
agoodman@mail.arc.nasa.gov

Analyses of incident reports, jump-seat observations 
of line operations, and task analyses were performed 
in an effort to better understand the causes of pilot 
error and develop defenses against consequential 
errors. Between 60% and 80% of aviation accidents 
and incidents can be attributed, at least in part, to 
human error. Most incident reports submitted to the 
Aviation Safety Reporting System are written by 
experienced, skilled, well-trained, and conscientious 
pilots. Sheer probability could block such incidents 
from evolving into accidents since performance er-

rors occur on a daily basis in the course of everyday 
flight operations. Our effort is to move beyond the 
traditional view of errors as a source of failure to-
ward a better understanding of the root causes of 
system failures.

Pilot errors are naturally and predictably occurring 
events often attributable to many opportunities in the 
operating environment and to human cognitive 
vulnerabilities. On the operational side, inter-

R E V O L U T I O N I Z E  A V I A T I O N
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ruptions and distractions are opportunities for error 
that are unpredictable in source, timing, and nature. 
They are the norm in everyday operations. Conse-
quently, their effect is highly underestimated. To 
respond to distractions, pilots interleave novel 
activities with habitual, well-practiced sequences 
of actions, continuously making decisions about 
adding, shedding, or rescheduling actions. On the 
human side, error vulnerability arises from cog-
nitive limitations. Memory (particularly for deferred 
actions), sidetracking and preoccupation with in-
terrupting events, automaticity, assumptions and 
expectations based on habit make pilots particularly 
vulnerable to the demands of intrusive events. 

Thus, interruptions and distractions pose significant 
threats to pilots during seemingly routine flight 
operations.

Figure 1 starts with a “textbook” version of taxi-out 
procedures (in gray) to be performed by the cap-
tain (left column), the first officer (right column), 
and both pilots together (checklists in the middle 
columns). This version represents an ideally linear 
sequence of events and is the one taught and prac-
ticed by pilots in ground school and simulator train-
ing. On this version we overlay some of the typical 
interruptions and distractions (in orange) observed 
in routine flights during our field study. Each of the 

Fig. 1. The textbook and “real-life” demands of the taxi-out procedure.

R E V O L U T I O N I Z E  A V I A T I O N
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observed events typically carries a workload cost (in 
yellow) in the form of additional activities that have 
to be performed either immediately or deferred until 
some later time. The workload cost is assimilated 
by the pilot who is forced to “navigate” through a 
complex and dynamic flurry of activities without 
making a single error.

Expecting to eliminate interruptions and distractions 
or mitigate cognitive vulnerabilities is unrealistic. 
Observations from line operations coupled with task 
analyses can contribute significantly to a better 

understanding of the causes for pilot error and aid 
in the design of robust procedures that offer mul-
tiple layers of defense against error. Understanding 
cockpit interruptions and distractions will enhance 
existing training programs by aligning the realities 
of routine line operations with consequences for 
human error.

Point of Contact: Loukia Loukopoulos
(650) 604-2843
Loukia.D.Loukopoulos@nasa.gov

Risk Assessment and Risk Management in Aviation Decision 
Making
Judith Orasanu, Ute Fischer, Jeannie Davison, Yuri Tada, Lori McDonnell

Two studies were conducted to determine the types 
of risk that are of greatest concern to pilots (and thus 
most influence the perceived difficulty of mak-
ing a decision) and how they manage such risks. 
Analyses of air carrier accidents have found that 
most errors related to the flight crews involve faulty 
decision making. A common pattern was a crew 
continuation of an original plan even in the face of 
changed conditions that suggested another course 
of action might be more prudent. Many accidents 
reflected what appeared to be inadequate risk as-
sessment by the crew that led to a decision to take 
an inappropriate action. Additional factors that 
might have worked against making safe decisions 
included organizational and social pressures about 
fuel economy and maintaining on-time departures 
and arrivals and peer judgments about professional 
competence. Risk assessments influence crews  ̓
decision-making during their assessment of a per-
ceived threat that may require intervention and dur-
ing their evaluation of potential responses to that 
threat. However, despite its important role in avi-
ation decision making, there has been surprisingly 
little research on pilots  ̓risk assessment.

Two studies were conducted to examine this topic. 
In the first, 119 airline pilots were asked about 
their everyday experience with five types of risk: 
economic (dollar costs to the company), physical 
(safety), productivity (disruption of the schedule), 
professional (possible job loss), and social (others  ̓
impressions). Their responses indicated that pilots 
are most concerned with threats to flight safety, 
which accounted for 79% of their responses. Fig-
ure 1 illustrates the types of physical threats that 
were mentioned. However, pilots reported encoun-
tering economic and productivity risks most often. 
Social and safety risks were rated as least often 
encountered. Both captains and first officers men-
tioned that conflicts between safety-related goals 
and other types, especially customer satisfaction, 
were most difficult to resolve. Lack of any good 
options also increased the perceived difficulty of 
decisions. For captains, difficult decisions were 
associated with high levels of ambiguity and uncer-
tainty in the decision situation. First officers, on the 
other hand, attributed greater decision difficulty to 
the possibility that a poor decision would have neg-
ative professional consequences.

R E V O L U T I O N I Z E  A V I A T I O N
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Performance Data Analysis and Reporting System
Irving C. Statler

A second study examined how pilots respond to goal 
conflict, ambiguity, and uncertainty in dynamic 
flight situations. Two evolving decision scenarios 
were presented to each of 30 pilots who were asked 
to “think aloud” as they decided what to do. In 
both scenarios, continuing with the original plan 
to take off would pose a threat to flight safety but 
bring economic gains if successful. On the other 
hand, changes to the original plan would enhance 

safety but result in economic or other losses. In 
both scenarios, pilots chose the riskier (in terms of 
safety) option 50% of the time. Analyses of pilots  ̓
verbalized decision-making processes indicated that 
they did not weigh the consequences of options, but 
rather tried to control the safety risk associated with 
their choices. Those who selected “riskier” options 
invented solutions that allowed them to minimize 
the safety risk while also achieving productiv-
ity goals. Those who took the conservative option 
avoided the safety risk.

These two studies are initial efforts toward under-
standing the risks that pilots face and why they 
make decisions as they do. The inherently subjec-
tive nature of risk assessment was evident in the dif-
ferences between captain and first officer responses 
in the risk survey, and in the different interpretations 
of cues used by pilots in the second study. Subse-
quent research will seek to improve decision mak-
ing by developing effective risk-management and 
decision-making strategies and support tools.

Point of Contact: J. Orasanu
(650) 604-3404
Judith.M.Orasanu@nasa.gov

The first step in nationalizing the Performance Data 
Analysis and Reporting System (PDARS) was 
accomplished by demonstrating its feasibility and 
value in six air-traffic management facilities in the 
Western Pacific Region for the past 2 years. Prepa-
rations were completed to extend PDARS into the 
Southwest Region in the first quarter of 2002 (figure 
1). The PDARS provides decision-makers with a 
comprehensive, accurate, and insightful method 

for routinely monitoring the operational health, 
performance, and safety of the National Airspace 
System (NAS). It was designed to develop tech-
nologies to enable a change from the current re-
active culture to a more proactive identification and 
alleviation of life-threatening aviation conditions 
and events while meeting the projected requirements 
of increasing air traffic.
The PDARS pursues this objective by establishing 

Fig. 1. Physical risk issues cited by pilots.
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new capabilities for managers of air traffic control 
(ATC) facilities to use in monitoring ATC perfor-
mance in the NAS (e.g., identifying and analyzing 
operational performance problems and designing 
and evaluating improvements). The PDARS in-
corporates innovative technology for the real-time 
collection and rapid processing of large volumes 
of complex data and state-of-the-art tools for ex-
tracting, presenting, and visualizing information, 
including radar flight tracks. Data are accessed daily 
from all sites and processed overnight. Reports are 
delivered to each of the participating facilities each 
morning.

The PDARS accomplished several key milestones 
in the process of developing a national system, 
including installation of networking capabilities for 
seven facilities in the FAA Southwest Region and 
negotiating an agreement with the FAA to further 
extend the network to the South and Northwest 
regions.

Point of Contact: I. Statler
(650) 604-6654
Irving.C.Statler@nasa.gov
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Fig. 1. Facilities operational upon completion of the expansion to the Southwest Region.
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Aviation System Monitoring and Modeling (ASMM): Modeling 
and Simulation of Clear-Air Turbulence Detection and Response
Irving C. Statler, Mary Connors

An operationally interesting scenario within the 
aviation system was modeled successfully, linking 
a simulation of air traffic in a given region of air-
space with models of multiple pilots and controllers. 
Textual and quantitative data, collected through 
intramural and extramural monitoring, were used to 
support the development and validation of models 
of causal relationships and predictions in order to 
support safety risk assessment. The technologies 
demonstrated by this accomplishment will enable 
aviation safety predictions and risk assessments 
through the development and validation of system-
wide models and simulations.

The model included 12 aircraft operating in an 
en route sector with clear-air turbulence (CAT). It 
specified an experimental design of simulation runs 
to assess the effects of CAT sensor technology in 

that sector. Traffic volumes and routes for the sce-
nario were derived from Enhanced Traffic Manage-
ment System (ETMS) data for an en route sector in 
the Boston Air Route Traffic Control Center (ART-
CC). These data specified flight crew and controller 
procedures and communications related to transiting 
the sector with CAT events. An agent-based model 
of the scenario was developed in which each agent 
acted and interacted in accordance with its own 
internal rules and conditions (figure 1). The model 
included agents for controllers, flight crews, aircraft, 
radar surveillance, communication channels, CAT 
weather events, and sensors. It demonstrated the fea-
sibility of the overall approach to airspace modeling 
based on agent-based simulation and event-driven, 
asynchronous modeling with selective resynchroni-
zation for fast-time simulation.
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Scheduling Assistant Software: A Tool for Airline Scheduling
Melissa M. Mallis

An initial biomathematical model capable of pre-
dicting alertness and performance specific to the 
aviation environment was used as the foundation for 
the development of the Scheduling Assistant Soft-
ware, a software package to aid airline scheduling. 
The misalignment of the light/dark cycle and the 
sleep/wake cycle is often accompanied by increased 

subjective and physiological fatigue, adverse health 
effects, performance decrements, and errors. These 
effects have been well documented and continue to 
be a safety concern in flight operations. Pilots on 
long-haul flight schedules with multiple flight legs 
and layovers often experience such misalignment of 
the light/dark cycle and sleep/wake cycle (circadian 

Fig. 1. Modeling the CAT scenario: agent information flows. 

• Reported position
  and separation

• Reported position
  and separation

• Speed,
  position,
  heading

• Position
  probe

Altitude change •
Speed change •
Route change •

Handoff •
Frequency change •

Rough ride advisory •
Altitude/speed/route clearance •

• Handoff
• PIREP
• Rough ride inquiry
• Pilot echoes
• Altitude/speed/route request

• Handoff
• Frequency
  change

• Handoff
• Pilot echoes

• Lookahead time
• Detection rate
• False alarm rate

• CAT location
• CAT severity

• Rough ride inquiry
• Altitude/speed/route request
• PIREP
• Pilot echoes

• CAT probe

• CAT experience

• CAT experience
• Speed, position, heading

• Flight ID
• Initial time
• Initial route
• Initial speed

• Sense CAT presence
• Sense CAT range

• Frequency change
• Rough ride advisory
• Altitude/speed/route clearance
• PIREP overheard

Italicized messages are not
implemented in the CY01
demonstration model.

Other
controller

(RFS)

Communication

CAT
Sensor

Subject
Controller
(RFS)

Subject
Controller

(MIDAS)

Flight
Generator

Weather (Clear
Air Turbulence)Aircraft

Surveillance

Flight Crew
(RFS)

Flight Crew
(MIDAS)

Point of Contact: I. Statler
(650) 604-6654
Irving.C.Statler@nasa.gov
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desynchrony). This desynchronization between the 
sleep/wake cycle and the local time zone coupled 
with fluctuations in the amount and timing of light 
exposure can affect the ability of pilots to fall asleep, 
thus reducing sleep efficiency and resulting in fatigue 
and performance decrements.

One method of predicting sleep/wake cycle and 
circadian rhythm misalignment effects is through 
a biomathematical model of the various factors 
that affect sleep and waking neurobehavioral per-
formance. If packaged in user-friendly software, it 
could be used as a tool to design flight schedules 
and assist pilots in scheduling rest and sleep periods 
during layovers and long-haul flights. However, 
there have been few attempts to develop such bio-
mathematical models capable of quantifying the 
effects of circadian and sleep/wake processes in the 
regulation of alertness and performance.

At Harvard Medical School Brigham & Womenʼs 
Hospital, Dr. Megan Jewett and colleagues de-
veloped biomathematical modeling software that is 
capable of making such alertness and performance 
predictions by using light exposure measurements 
and habitual, circadian, homeostatic, and sleep 
inertia components. A collaboration between this 
group and Ames resulted in the initial version of 
Scheduling Assistant Software, a biomathematical 
model that incorporates experimentally obtained 
data on sleep timing, quantity, and quality; length 
of wake episodes; light exposure; circadian phase; 
and neurobehavioral and operational measures. The 
Scheduling Assistant Software is based on neuro-
behavioral, subjective, operational measurements 
collected during commercial long-haul flights. Light 
measurements collected in the cockpit were also 
used for algorithm development. These light data 
represent typical exposures for pilots at varying 
times throughout a long-haul flight, a fundamental 
component of the model. Based on the combined 
data, it will be possible to predict the effect of acute 

sleep loss, cumulative sleep loss, and circadian de-
synchrony on waking performance and to provide 
indications for work/rest schedules that could min-
imize in-flight fatigue-related problems.

The final version of the Scheduling Assistant Soft-
ware will be a developed, refined, and validated 
biomathematical model in a user-friendly interface 
to be used as an aide in predicting pilots  ̓levels of 
alertness and neurobehavioral performance under 
various schedules (figure 1). In addition, this soft-
ware can be used to estimate the best timing of 
in-flight rest; to indicate layover sleep conditions 
that mitigate sleepiness and fatigue in operational 
duty conditions; and to assist airlines in scheduling 
flights that take into consideration pilots  ̓circadian 
rhythms, flight duration, duties, and the light/dark 
cycle at destinations. Inevitably, as the aviation 
industry grows, the length of long-haul flights will 
increase. The Scheduling Assistant Software will 
serve as an effective assistant that can be used to 
help promote natural sleep that is closer to pilots  ̓
homeostatic sleep schedule, thus reducing fatigue 
and neurobehavioral performance decrements in 
aviation, and increasing the safety margin.

Point of Contact: M. Mallis
(650) 604-3654
Melissa.M.Mallis@nasa.gov

Fig. 1. Sample output from the Scheduling Assistant Software 
predicting performance levels after 72 hours of wakefulness.
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Sound Laboratory: A Software-Based System for Interactive 
Spatial Sound Synthesis
Elizabeth M. Wenzel, Joel D. Miller

The physical world to be rendered is composed of 
a source, environment, and listener, as illustrated in 
figure 1(a). A source, characterized by its waveform, 
level, radiation pattern, size, and dynamic quanti-
ties including position and orientation, radiates 
into an environment. The source signal propagates 
through the environment and arrives at a listener 
characterized by a previously-measured head-re-
lated impulse response (HRIR) and interaural time 
delay (ITD), as well as a dynamically changing po-
sition and orientation. The SLAB signal flow (figure 
1(b)) implements these physical effects in an easily 
maintained, efficient architecture that consists of 
parallel signal paths from each rendered source to a 
listenerʼs ears. Static effects along each path, such 
as materials reflection filtering, are combined and 
implemented as an infinite impulse response (IIR) 
filter. A finite impulse response (FIR) filter imple-
ments dynamic effects like head-related impulse 
responses and the source radiation pattern.

One of the major implementation hurdles has been 
achieving adequate dynamic performance in the 
Windows environment. A preliminary estimate of 
the internal latency of the system (24 milliseconds) 
provided an encouraging assessment of the dynamic 
performance of SLAB, considering the inherent 
difficulties in managing low-latency Windows au-
dio output. Informal listening tests indicate that the 
dynamic behavior of the system is both smooth and 
responsive. The smoothness is enhanced by the 
120-hertz (Hz) scenario update rate, as well as a 
parameter tracking method that produces rather 
high parameter update rates; that is, time delays are 
updated at 44.1 kilohertz (kHz) and the FIR filter 
coefficients are updated at 690 Hz. The respon-
siveness of the system is enhanced by the low la-
tency of 24 milliseconds. The scenario update rate, 
parameter update rates, and latency all compare 
favorably with those of other, more expensive vir-
tual audio systems.

The primary goal of the Sound Laboratory (SLAB) 
system is to provide an experimental platform for 
developing and validating advanced spatial auditory 
displays for aerospace applications. The aviation en-
vironment contains multiple channels of auditory and 
visual information that must be accessed under high-
stress, high-workload conditions. Spatialized audio 
displays will increase the intelligibility of simultane-
ous verbal communications and auditory alerts in 
noisy conditions. The use of visual displays, such as 
those used for collision avoidance, may be improved 
by assigning some situational awareness and alerting 
functions to a spatial auditory display that allows the 
pilot s̓ gaze to remain out the window. Spatialized 
audio displays could enhance the realism and pres-
ence of virtual-reality-based displays, such as those 
proposed for air-traffic control. Efficient synthesis 
techniques and environmental modeling will also 
benefit from further research that specifies the com-
putational fidelity required for perceptually viable 
displays. The SLAB software is being released under 
a free public license for noncommercial use. It is our 
hope that researchers will find it useful in conducting 
studies of advanced audio displays and that they will 
also add their own modules to the software to provide 
additional functionality.

The SLAB system enables individual control of 
signal-processing parameters to conduct such studies 
(e.g., the number, fidelity, and positioning of sound 
sources and environmental reflections, system latency, 
and update rate). SLAB also provides the basis 
for a low-cost, software-based system for dynamic 
synthesis of virtual audio over headphones that 
does not require an array of special-purpose, signal-
processing hardware. SLAB features a modular, 
object-oriented design that provides the flexibility 
and extensibility needed to accommodate a wide 
range of experiments. It can readily take advantage of 
improvements in processing power without extensive 
software revisions.
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Computational Simulation of Formation Flight of 
F-18 Aircraft
Steven C. Smith

In support of the Autonomous Formation Flight pro-
ject at the Dryden Flight Research Center, a comp-
utational study is under way here at Ames Research 
Center to demonstrate the expected formation-flight 

Point of Contact: E. Wenzel
(650) 604-6290
Elizabeth.M.Wenzel@nasa.gov
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Fig. 1. (a) The physical scenario simulated in the Sound Lab system. (b) The SLAB signal flow partitions the scenario into signal 
processing components as implemented in system architecture.

drag savings and to define the induced forces and 
moments on trailing aircraft. Formation flight can 
produce significant fuel savings by reducing the 
drag on a trailing aircraft, if it is positioned cor-
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Fig. 1. F-18 aircraft flying in formation.

rectly relative to the trailing-vortex wake of the 
lead aircraft. The drag benefit comes from the favor-
able influence of the wake-vortex flow field on the 
induced drag of the trailing aircraft. Unlike geese, 
which fly in a close “V” formation to share the drag 
benefits mutually, practical aircraft formation flight 
is a benefit to only the following airplane, positioned 
many body lengths behind the leader. To achieve 
these drag benefits, while maintaining safety and 
normal workload levels, the overall project objectives 
are to develop and demonstrate a formation-flight 
control system capable of establishing and holding 
formation flight position, to measure the drag benefit, 
and to assess pilot/control system workload and air-
frame loads in the formation-flight environment.

The computational simulations, using a pair of F-18 
aircraft, are performed using the Boeing A502 high-
order panel code, which solves the linear potential 
equations describing the flow over the aircraft. 
Potential-flow methods compute the induced drag on 
an aircraft that results from the influence of its own 
trailing-wake vorticity, but they do not compute the 
viscous drag (skin friction). This level of flow phys-
ics is appropriate to properly capture the influence 
of the lead aircraft s̓ wake vortex on the following 
aircraft. Figure 1 illustrates the input geometry of two 
F-18 aircraft in formation. The geometry has been 

simplified by omitting the canopy, inlets, and nozzles 
since these components have no significant effect on 
the change in aerodynamics associated with forma-
tion flight. Panel codes normally require that the trail-
ing-wake location be specified as part of the input. 
For these studies, the trailing wake was modeled as 
a straight vortex sheet in the free-stream direction. 
This model results in some error in vortex position 
compared with the actual physical wake, which tends 
to roll up along its free edge downstream of the wing. 
Future studies are planned that will model the rolled-
up wake shape correctly.

Figure 2 shows the predicted induced-drag benefit 
as a function of the relative flight position of the 
trailing aircraft. The contour lines indicate values 
of the ratio of induced drag in formation flight to 
induced drag in solo flight. The silhouette outline 
shows the position of the lead airplane, and the 
vertical and lateral position on the contour plot cor-
responds to the position of the nose of the following 
aircraft. All results were generated with a longi-
tudinal spacing of 5 body lengths. It is evident from 
the figure that induced drag reductions of about 40% 
(a drag ratio of 0.6) are obtained over a signifi-
cant region. Adding in the viscous drag, which 
is unaffected by the formation flight, results in a 
15%-20% reduction in total drag for the following 
aircraft. In addition to these estimates of the poten-
tial drag benefit, the computational results provide 
predictions of the incremental forces and moments 
induced on the following aircraft. The database of 
these incremental loads provides a model of how 
the airplane behavior is influenced by the presence 
of the trailing-vortex wake of the lead aircraft. This 
database is used in the design of the flight-control 
system in order to anticipate the dynamic response 
of the airplane as it flies in various formation posi-
tions. Initial flight test results from Dryden Flight 
Research Center indicate very close agreement with 
these predictions, although some position error is 
evident because of the simplified modeling of the 
wake shape.

R E V O L U T I O N I Z E  A V I A T I O N



18 G L O B A L  C I V I L  A V I A T I O N   / SAFETY  19

       A E R O S P A C E  T E C H N O L O G Y  
     E N T E R P R I S E

Boeing 777 Subsonic Transport Aeroacoustic Research
Paul T. Soderman, Clifton Horne, Kevin D. James

Fig. 2. Formation flight induced-drag benefit.
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One of NASAʼs principal aeronautical research goals 
is to reduce the level of community noise around 
airports. During the approach and landing of trans-
port aircraft, the wing leading-edge slats and trail-
ing-edge flaps are deployed along with the landing 
gear. These aircraft components, enveloped by high-
velocity energetic turbulent flows, generate airframe 
noise levels that are comparable to the engine noise 
at these conditions. In an effort to reduce airframe 
noise, Ames has developed advanced measurement 
techniques to locate and quantify the individual 
noise sources. In addition, it has conducted experi-
mental validation tests of concepts that mitigate the 
sources of airframe noise. 
As an overall system validation, Ames Research 

Center, in collaboration with its principal partners, 
Langley Research Center and the Boeing Airplane 
Company, recently conducted a research program 
using a large-scale, high-fidelity model of the Boe-
ing 777. This 26%-scale semispan was tested in the 
Ames 40- by 80-Foot Wind Tunnel (figure 1). The 
large-scale three-dimensional high-fidelity model 
provided a unique high Reynolds number aero-
acoustic simulation of an actual aircraft, complete 
with high-lift and landing gear components.

A key element of this test program was the use of 
the Ames-developed in-flow phased microphone 
array technology that enabled the measurement and 
visualization of the noise sources generated by indi-

Point of Contact: S. Smith
(650) 604-5856
Steven.C.Smith@nasa.gov
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Fig. 2. Microphone array image of noise sources near leading-
edge slat. 

vidual components of the airframe. Figure 2 shows 
an example of an array survey. The bright areas indi-
cate a noise source, with the sound pressure level 
being color-coded. Flyover noise was measured 
using one large fixed array of microphones that 
provided very high spatial resolution and good reso-
lution of low-frequency noise, and a second smaller 
mobile array, which traversed the length of the test 
section, and provided source directivity and good 
spatial resolution of high-frequency sources. The ar-
rays are identified in figure 1. In addition to acoustic 
measurements, detailed aerodynamic data, including 
forces and moments and time-averaged and dynam-
ic pressures, were also obtained. The combination of 
acoustic and aerodynamic measurements facilitates 
the understanding of the aeroacoustic phenomena 
and provides a basis for trade-offs between noise 
reduction and aerodynamic performance for pro-
posed noise-mitigation concepts. Measurements 
were obtained over a range of angles of attack and 
flight Mach number; analysis of the aerodynamic 
data confirmed proper simulation of aircraft oper-
ating conditions and flow fields. Preliminary data 

analyses have documented the location and relative 
strength of numerous noise sources associated with 
the edges, gaps, cavities, and protuberances of the 
high-lift and landing gear systems. To mitigate these 
noises, many flow-control and sound-absorption de-
vices were tested that had been previously evaluated 
computationally or tested in small-scale facilities at 
NASA or industry research laboratories. Several of 
the devices proved effective whereas others, which 
showed promise in earlier evaluations, did not per-
form well at large scale in the full three-dimensional 
flow environment. Analysis of the data is con-
tinuing, focusing on the effects of the acoustic mod-
ifications on aircraft performance and the generation 
of the large aeroacoustic database. This compre-
hensive database will improve the understanding of 
airframe noise and enable the development of com-
munity noise-reduction strategies in the design of 
future aircraft.

Point of Contact: C. Horne
(650) 604-4571
Clifton.C.Horne@nasa.gov

Fig. 1. 26% scale model of a Boeing 777 in the Ames 40- by 
80-Foot Wind Tunnel.
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Fig. 1. Noise footprint calculated for runway 28R departure from 
SFO; colors show ground-level sound intensities.

Simulation of Aircraft Flightpath Noise and of Noise 
Abatement Procedures
Terrance K. Rager

The effect of aircraft noise on communities has 
become a major element of consideration in airport 
operations. To address community concerns some 
airports have established special noise-abatement 
protocols that modify existing instrument flight pro-
cedures to minimize noise effects. This study was an 
attempt to demonstrate that noise issues can be suc-
cessfully studied in a simulation environment.

In the first experiment phase, a computer model that 
calculates aircraft noise at ground level positions 
near the flightpath was integrated into a B747-400 
aircraft simulation utilizing runway 28R at San 
Francisco International Airport (figure 1). Ninety 
simulation runs were conducted consisting of Stan-
dard Instrument Departures and Instrument Approach 
Procedures. Parameters collected included lateral 
offset relative to the flightpath, altitude, equivalent 
airspeed, net thrust, net-corrected high pressure ro-
tor speed, time into the flight, engine pressure ratio, 
and pitch Euler angle. These aircraft flightpath data 
and the resulting noise levels were then inserted into 
an Integrated Noise Model that generated a noise-
contour footprint. The calculated noise-contour 

levels were displayed in the cockpit. These outputs 
proved to be a useful tool in studying the noise 
effect on communities adjacent to airports.

The second phase of the experiment used this newly 
developed tool to help look at human factors issues 
during Noise Abatement Procedures (NAPs) as they 
are specified or proposed at noise-sensitive airports. 
Flight crew performance as well as the effect of the 
NAPs on noise reduction was examined. Using the 
B747-400 flight simulator, departure and arrival 
NAPs were evaluated. London Heathrow Airport 
was chosen for this phase of the experiment because 
of its highly stringent noise-effect policy and mon-
itoring plan. Aircraft flightpath data, resulting noise 
levels, and 69 additional variables were collected 
during 318 runs. Statistical data for specific aircrew 
activities, such as aircraft systems activation and 
initiation of turns, climbs, and descents were also 
gathered and analyzed. These human factors results 
are being incorporated in a statistical model to study 
aircraft separation in a “noise flight procedure” and 
heavy workload situations for aircrews.

It was determined that only certain NAPs were use-
able with current Air Traffic Management (ATM) 
and Flight Management Systems (FMSs). Modern 
ATM and FMSs can increase the feasibility of uti-
lizing additional NAPs, but the new NAPs must be 
evaluated before they can be implemented. By using 
the noise analysis tools integrated with the simu-
lator, researchers can now have a controlled envi-
ronment for studying human factors with regards to 
noise abatement.

Both phases of this study were conducted in collab-
oration with the Boeing Company, Massachusetts 
Institute of Technology (MIT), and the NASA Quiet 
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Aircraft Technology Program. Representatives from 
United Airlines, the Coalition for San Francisco 
Neighborhoods, and the SFO Aircraft Noise Abate-
ment office attended demonstration runs of the sim-
ulation.

Operational Evaluation of the Direct-To Controller Tool
David T. McNally

Under todayʼs air traffic control system, aircraft 
fly on fixed airways and air-traffic controllers have 
limited automation to help identify opportunities 
for more efficient flight routes. Direct-To (D2) is a 
tool for en route radar controllers that automatically 
computes a wind-route and traffic-conflict analy-
sis on all aircraft to identify those that can save at 
least 1 minute by flying direct to a downstream fix 
on their route of flight. D2 includes a highly auto-
mated “what if” trial planning function that allows 
controllers to quickly evaluate and input route and 
altitude changes. D2 functionality is integrated with 
the controllerʼs radar display in such a way that con-
trollers can use it without being distracted from their 
primary responsibility for aircraft separation (fig-
ure 1). Controllers may bring up a graphic display 
of a D2 route, activate a fast-loop conflict analysis, 
modify the route if necessary, and input a D2 flight 
plan amendment, all with just 2-3 mouse clicks, and 
within a few seconds, while keeping their eyes on 
the traffic display. D2 has previously been evaluated 
in the laboratory and through controller simulations. 
The objective of this phase of the research was to 
conduct an operational evaluation of the D2 Tool.

An operational field-test evaluation of D2 was 
conducted at the FAA̓ s Fort Worth Air Route Traf-
fic Control Center (Center) from 21 May–14 June 
2001. D2 is based on the Center/TRACON Auto-
mation System (CTAS) trajectory analysis method 
and software. All CTAS tools use common software 
for input data processing and four-dimensional (4D) 
trajectory modeling. Consequently, the D2 func-

tionality was implemented by connecting one addi-
tional software module to the daily-use operational 
Traffic Management Advisor system at Fort Worth 
Center. The D2 user interface prototype (figure 1) 
was installed on 15-inch flat-panel auxiliary dis-
play monitors (figure 2, right) at three high-altitude 
sectors. A team of nine full-performance-level con-
trollers participated in the field-test evaluation. Con-
trollers evaluated 3,204 D2 routes and issued 1,198 
D2 flight plan amendments to revenue flights during 
136 sector-hours of operational testing.

Controller acceptance of the D2 Tool was very 
high. Controller commentary and written feedback 
suggest that significant controller benefit could be 
achieved if D2 functionality were integrated with 
the radar controllerʼs traffic display. The test data 
show consistent levels of D2 use through all traffic 
levels— even the busy periods. Severe weather in 
and around Fort Worth Center resulted in weather-
avoidance routes during 8 of 16 field test days. D2 
provided a means of dynamically identifying those 
weather-avoidance routes that had become obsolete 
because of changing weather patterns.

An average savings of 9.4 minutes per flight was re-
alized for 27 flights that were on weather-avoidance 
routes prior to receiving a D2 flight-plan amend-
ment. Analysis of the test data show an average fly-
ing time savings of about 1 minute per flight during 
D2 operations compared with baseline 
(no-D2) operations. Results also suggest that about 
50% of laboratory-derived estimates of flying-time 

Point of Contact: T. Rager
(650) 604-3127
Terrance.K.Rager@nasa.gov
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Fig. 1. Direct-To controller tool.

savings could be achieved if D2 were in operation 
throughout Fort Worth Center. This equates to a 
savings of 900 flying minutes per day or $9,000,000 
per year. The D2 field-test operations and results are 
fully documented in the paper, “Operational Eval-
uation of the Direct-To Controller Tool,” presented 
at the 4th USA/Europe ATM R&D Seminar, Santa 
Fe, New Mexico, 3-7 December 2001. Ames is cur-
rently working with the FAA and its contractors 
to implement D2 functionality on the controllerʼs 
primary radar display. A simulation is planned for 
April 2002.

Point of Contact: Dave McNally
(650) 604-5440
B.D.McNally@nasa.gov

Fig. 2. Direct-To prototype installed at Fort Worth Center sector, 
May/June 2001.
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Neighboring Optimal Wind Routing
Matthew R. Jardin

Cross-continent optimal wind routes can deviate 
from great-circle (direct) routes by hundreds of 
miles and can result in time savings of more than 
30 minutes. Ideally, simulation tools such as the Fu-
ture ATM Concepts Evaluation Tool (FACET) and 
real-time air-traffic management decision-support 
tools like Direct-To (D2) would utilize wind-optimal 
routes in simulation and route planning, but cur-
rent methods for computing wind-optimal routes 
(e.g., dynamic programming or genetic algorithms) 
are too computationally intensive for this purpose. 
To solve this problem, Ames Research Center has 
developed an algorithm called Neighboring Opti-
mal Wind Routing (NOWR). The objectives of this 
work were to develop a practical optimal wind-rout-
ing algorithm, to implement this algorithm within 
air traffic control software automation tools, and to 
estimate the potential savings to air carriers by using 
real air traffic data.

The NOWR algorithm is based on a feedback tech-
nique called neighboring optimal control (NOC). 
In traditional NOC, one computes an optimal route 
and a set of regulator coefficients for nominal con-
ditions. The regulator coefficients translate pertur-
bations from the nominal route into optimal-heading 
perturbations. The heading perturbations are easy 
to compute, but the nominal optimal route must 
be obtained using computationally intensive varia-
tional calculus methods. Nominal optimal routes 
would have to be computed for each specific route, 
and would have to be updated as wind conditions 
changed. This means that nominal optimal routes 
must be computed for every flight, which would be 
computationally prohibitive.

The NOWR algorithm was derived by extending 
NOC to account for perturbations in the wind field 
in addition to perturbations from the nominal route. 
Because of this extension, the nominal optimal 
route can be computed for the case of zero winds, 

the solution to which is simply a great circle route. 
After applying coordinate rotations, the great-circle 
nominal optimal solution is geometrically similar 
for all flight routes. Therefore, a single NOWR 
solution can be normalized and applied to any 
flight route and to a wide range of wind conditions. 
Because the implementation is so simple, NOWR 
produces optimal wind routes in a fraction of a 
second on current-day computer hardware (e.g., 
750 MHz PIII laptop). By contrast, to obtain routes 
of similar performance using dynamic programming 
or genetic algorithms, between 10 seconds and sev-
eral minutes would be required.

Strong wind-shear conditions typically occur from 
November through April in the United States. Wind 
data from the Rapid Update Cycle (RUC) were col-
lected for six different days in February, and both 
the NOWR and great-circle routes were integrated 
through these different wind fields for 42 differ-
ent cross-country routes. On one particular day, the 
neighboring optimal wind route from Boston to San 
Francisco was shown to save nearly 40 minutes over 
the great circle route (figure 1). For the days consid-
ered in the study, the maximum flight time savings 

Fig. 1. Neighboring Optimal Wind Route: Boston to San Fran-
cisco, 14 February 2001, 2 p.m. PST.
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Probabilistic Forecasting of Air Traffic Demand
Larry A. Meyn

of the optimal routes over the great circle routes was 
about 10%, with the average savings being of the 
order of 2%. Optimal wind routes are also geometri-
cally different from great-circle routes so that very 
different conflict scenarios would 
develop. Clearly, the use of wind-optimal routes in 
simulation and analysis of free-flight concepts is 
important.

The derivation of the NOWR algorithm was pub-
lished in the July-August 2001 issue of the AIAA 
Journal of Guidance, Control, and Dynamics, and 
a patent application was filed for NOWR in August 
2001 after it was determined that commercial orga-
nizations might be interested in using NOWR.

Point of Contact: Matt Jardin
(650) 604-0724
Matthew.R.Jardin@nasa.gov

Air traffic managers use predictions of the number 
of aircraft arriving at an airport or passing through 
an airspace sector to determine if actions are nec-
essary to limit the number of aircraft to levels that 
are safe and efficient. However, these actions, such 
as delaying or rerouting aircraft, should be avoided 
if they are not necessary, because they degrade the 
efficiency of the air traffic system. Because of this, 
the accuracies of airport and sector demand predic-
tions are important factors in the overall efficiency 
of the national air traffic system. To address this 
issue, Ames Research Center has developed probabil-
istic forecasting methods that significantly improve 
the accuracy of air-traffic-demand forecasts, without 
requiring any improvement in the accuracy of the 
data used in calculating demand predictions.

Air-traffic-demand predictions are based on pre-
dictions of where aircraft will be located during the 
time period of the forecast. These predictions have 
inaccuracies because of uncertainties in weather, 
airspeed, departure times, and other factors. Cur-
rent demand forecasting methods include an aircraft 
if its predicted location places it within the sector 
or has it arriving at the airport during the forecast 
period; otherwise the aircraft is not counted. 
The probability of the predicted location is not

considered. In the probabilistic approach, estimates 
of each aircraftʼs location uncertainty are used to 
determine fractional probabilities that each aircraft 
should be included in the demand count. Two fore-
casting methods were developed to utilize these 
fractional probabilities: the mean probable count, 
which is a simple sum of the probabilities in order 
to estimate the demand count, and a new, computa-
tionally practical method for calculating the prob-
abilities of all possible demand counts.

 The mean probable count was compared with the 
deterministic method for forecasting airport arrival 
demand in a series of Monte Carlo simulations. The 
comparison, presented in figure 1, indicates that 
the standard deviation in demand-count errors for 
the probabilistic, mean probable count method is 
15% to 20% lower than those produced by the de-
terministic method, a reduction that is equivalent to 
what could be achieved deterministically by reduc-
ing aircraft location uncertainties by 25% to 35%. 
However, the mean probable count does not provide 
any indication of the range of possible demand 
counts.

The lack of demand-count range indication for the 
mean probable count is clearly shown in figure 2, 
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which depicts the results of a simulation of 
probabilistic and deterministic sector demand fore-
casting. In this simulation, aircraft location uncer-

tainty increases with increasing forecast time. Both 
the deterministic count and the mean probable count 
follow the actual count closely in the first few min-
utes. Beyond that point, the deterministic prediction 
is very similar, in its detail and variation, to the 
actual count history, but it often does not coincide 
with the actual count. Unfortunately, traffic-flow 
modifications based on out-of-step predictions may 
be unnecessary or may even exacerbate potential 
sector-loading problems. In contrast, the mean prob-
able count has less overall deviation from the actual 
count than the deterministic count, but it lacks infor-
mation about the variability and range of the actual 
count. The reason for these differences between the 
deterministic count and mean probable count is that 
the deterministic prediction produces just one of an 
infinite number of potential count histories, whereas 
the mean probable count is the average of all the 
potential count histories. It is this averaging effect 
that eliminates the sharp peaks and valleys that are 
present in an actual count history.

A probabilistic indication of the range of variation 
in the actual count can be provided by confidence 
limits, as shown in figure 2. Confidence limits of 
this type are determined from a count probability 
distribution. Calculating this distribution has been 
deemed impractical in the past because the number 
of calculations needed to directly calculate the dis-
tribution increases more than exponentially with the 
number of aircraft involved. For 25 aircraft, nearly 
one billion floating-point operations are needed. 
However, Ames has developed a new calculation 
method in which the number of calculations needed 
only increases as the square of the number of air-
craft. For 25 aircraft, this new calculation method 
requires less than 1,000 floating-point operations. 
Using this new method, it is now practical to predict 
the range of potential air-traffic-demand counts as 
well as the most probable count.

Point of Contact: Larry Meyn
(650) 604-5038
Larry.A.Meyn@nasa.gov

Fig. 1. Count prediction error for airport arrival rate.

Standard deviation of arrival time 
prediction error (min)

S
ta

n
d

ar
d

 d
ev

ia
ti

o
n

 o
f 

co
u

n
t 

er
ro

r

0
0 1 2 3 4 5 6

1

1.5

2

2.5

3
Deterministic
Mean probable count

Equivalent to a 30%
reduction in prediction
uncertainty

.5

Fig. 2. Probabilistic and deterministic predictions of sector 
demand.

�������������������

�
��

��
��

��
�

�
�

�
� �� �� �� �� ��� ���

�

��

��

��

��
�������������������
������������
�������������������
���������������������

R E V O L U T I O N I Z E  A V I A T I O N



26 G L O B A L  C I V I L  A V I A T I O N   / SAFETY  27

       A E R O S P A C E  T E C H N O L O G Y  
     E N T E R P R I S E

En Route Data Exchange
Richard A. Coppenbarger

Software tools that support decision making by air 
traffic controllers require an ability to accurately 
predict future aircraft positions during flight. This 
trajectory-prediction capability is especially im-
portant to tools within the Center-TRACON Auto-
mation System (CTAS), since they are designed 
to support strategic controller decisions involving 
time-horizons of up to 25 minutes. The error 
between actual and predicted trajectories during 
climbs can be as much as 2,000 feet vertically in 
“baseline” CTAS. Similar errors are observed dur-
ing descent and to a lesser extent during cruise. 
Horizontal errors can exceed 5 nautical miles. To 
perform long-range trajectory predictions, CTAS 
relies on the availability of aircraft state, aircraft 
performance, flight-plan intent, and atmospheric 
data. Ames has demonstrated, in a joint flight eval-
uation with United Airlines, that these errors can be 
largely eliminated through the transmittal of aircraft 
data over a real-time data link.

The flight evaluation was completed with assistance 
from the Federal Aviation Administration (FAA), 
Honeywell, and United Airlines. The evaluation 
involved the automatic transfer of more than 40 in-
dividual data parameters to CTAS from Boeing 777 
airplanes operating within the Denver Air-Route 
Traffic Control Center (ARTCC). A total of 50 Boe-
ing 777 airplanes received software modifications 
that allowed the automatic delivery of data param-
eters over a VHF data link known as the 
Aircraft Communications and Reporting System 
(ACARS). Over an 8-month period in FY01, data 
were collected for over 1,000 operations consisting 
of 288 departures, 372 over-flights, and 341 arrivals. 
Data-link messages were transmitted automatically 
to CTAS operating in the laboratory at Ames Re-
search Center.

Data analysis was carried out to examine the effect 
of En Route Data Exchange (EDX) parameters, 
such as weight, speed, and route intent, on CTAS 
trajectory predictions and subsequent advisories. 
Errors in CTAS input data were first examined by 
comparing EDX parameters with corresponding 
parameters derived from non-aircraft data sources 
(i.e., FAA radar and flight-plan processing, weather 
models, and aircraft/pilot performance models). 
Over all operations, the average errors in aircraft 
weight and airspeed estimates were measured to 
be 36,000 pounds and 20 knots, respectively. It 
was shown that errors of these magnitudes have a 
substantial effect on CTAS trajectory prediction 
accuracy over a 20-minute look-ahead time. This 
is particularly true during climbs, as illustrated by 
the altitude-prediction example shown in figure 1, 

Fig. 1. Impact of EDX weight data on climb trajectory prediction.
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where it is shown that EDX reduced the “baseline” 
errors by more than 2,000 feet vertically. As shown 
in figure 2, EDX data reduced the overall horizontal 
errors by more than 5 nautical miles (nmi), which is 
in excess of current en route separation standards.
The effect of EDX-enhanced trajectory predictions 
on CTAS advisories was examined by consider-
ing the effect of aircraft speed and route intent on 
conflict detection. Aircraft-derived route intent was 
supplied in the form of way-point identifiers used for 
guidance and control within the Flight Management 
System (FMS). Analysis showed that the improved 
position certainty afforded by EDX data can reduce 
the false-alarm and missed-alert rates associated 
with conflict detection by as much as 50% over a 
20-minute look-ahead time.

Point of Contact: R. Coppenbarger
(650) 604-6440
Richard.A.Coppenbarger@nasa.gov 

Fig. 2. Position uncertainty as a function of prediction look-ahead 
time for EDX and non-EDX host data sources.

Flight Deck Tools for Distributed Air-Ground Decision Making 
in Future ATM Systems
Vernol Battiste, Walter Johnson

Cockpit Situation Display (CSD) tools designed to 
maintain pilots  ̓awareness of surrounding aircraft, 
alert them of impending conflicts, and aid them in 
developing de-conflicted flight plans were evaluated 
in an air/ground simulation. The aviation commu-
nity is exploring new concepts of operations to 
address saturation of the air traffic management 
(ATM) system. “Free Flight” concepts decentralize 
and distribute flightpath management control and 
responsibility, and information unique to the flight 
deck and flight dispatchers is included in the ATM 
decision-making process. All participants must 
have access to needed information in real time to 
generate the anticipated benefits. However, a shift 
away from the current centralized system must not 
occur at the cost of safe separation between aircraft 

and acceptable workload levels. To address these 
issues, the Advanced Air Transportation Technolo-
gies Program is demonstrating new distributed air-
ground (DAG) concepts in a series of full-mission, 
distributed air-ground simulations. 

The DAG concept underlying the current effort was 
based on three principles: (1) current flight-plan in-
formation on all aircraft will be updated and broad-
casted in real-time; (2) all aircraft will 
de-conflict their flightpath to the maximum extent 
possible (within the current 120-nautical-mile-range 
limit of the Automatic Dependent Surveillance-
Broadcast (ADS-B)); and (3) flight-deck display 
tools will reduce crew workload and head-down 
time through the use of natural graphical display 
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interfaces. Airline and general aviation pilots uti-
lized an advanced CSD system to remain clear of 
conflicting traffic and submit flight-plan revisions to 
air traffic controllers (ATCs). These flight-plan revi-
sions allowed ATCs to accommodate airline prefer-
ences while managing and de-conflicting 
arrival traffic in a simulation of Dallas/Fort Worth 
Airport. The CSD depicted the location, heading, 
and flight plans of surrounding traffic; dynamic 
four-dimensional (4-D) predictors; and alerted 
crews to impending losses of separation (see fig-
ure 1). A graphical route assessment tool (RAT) was 
used to develop alternative de-conflicted flight plans 
and to submit them to ATC for approval, while au-
tomatically uploading approved plans into the flight 
management system and then data-linking them to 
surrounding aircraft. An advanced spacing tool was 
used to maintain ATC-assigned intervals behind a 
leading aircraft after arriving at the final approach 
fix (figure 2). The autopilot system maintained the 
specified interval with only minor energy manage-
ment input from the flight crew. 

Fig. 1. Detection and resolution of conflict (inserting climb)    
with RAT.

Flight crews reported that the CSD tools were 
excellent aids for conflict detection and resolution 
during the free-flight (en route) phase, as well as 
during the controlled (approach) phase. Further, 
they agreed that the tools were excellent for self-
spacing and maintaining situation awareness. Based 
on this preliminary demonstration, both controller 
and pilot comments indicate that the evaluated DAG 
concepts are feasible.

Point of Contact: V. Battiste
(650) 604-3666
Vernol.Battiste-1@nasa.gov

Fig. 2. Approach spacing display symbology of Own-ship at 
90 seconds (green), 10 seconds ahead (yellow), and more than 
20 seconds behind (gray) another aircraft.
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Surface Management System Simulation
Stephen C. Atkins

Ames Research Center (ARC), in cooperation 
with the Federal Aviation Administration (FAA), is 
studying automation for aiding airport surface-
traffic management. The Surface Management Sys-
tem (SMS) is a decision-support tool that provides 
information and advisories to help air traffic con-
trollers and air carriers collaboratively manage the 
movements of aircraft on the surface of busy air-
ports, thereby improving capacity, efficiency, flex-
ibility, and safety. Detailed information about future 
departure demand on airport resources is not cur-
rently available, which limits the ability to plan and 
coordinate efficient traffic-management strategies in 
advance. The SMS provides operational specialists 
at air-traffic control (ATC) facilities and air carri-
ers with accurate predictions of the future departure 
demand and of how the situation on the airport sur-
face (e.g., the aircraft queues and delays at each run-
way) will evolve in response to that demand. Both 
near-term predictions to support tactical control of 
surface operations and longer time-horizon forecasts 
to support strategic planning are provided by the 
SMS. In addition to the ATC tower and airline ramp 
towers, SMS information will be used by the TRA-
CON and Center Traffic Management Units, Airline 
Operations Centers (AOCs), and the ATC System 
Command Center.

To predict the future state of the surface, the SMS 
uses real-time surface surveillance, air-carrier pre-
dictions of when each flight will want to push back, 
and a surface trajectory synthesis algorithm that 
accurately predicts the movement of aircraft on the 
surface. The initial implementation of this algo-
rithm, which determines efficient and conflict-free 
taxi paths for every aircraft, has been completed. 
The ability to predict how the state of the airport 
surface will evolve enables the SMS to evaluate the 
effect of various traffic-management decisions in 
advance of implementing them. The SMS uses this 

capability to advise how to best manage departure 
operations and other surface movements in order to 
minimize delays.

A 6-day simulation was conducted in the Future-
Flight Central (FFC) ATC tower simulator at ARC 
to solicit feedback on the current SMS design (i.e., 
the capabilities, interfaces, and algorithm perfor-
mance) from the future users of the system. Five 
active controllers from Dallas/Fort Worth airport 
(DFW) controlled simulated aircraft during the 
simulation. Representatives from several air carriers 
(FedEx, UPS, Northwest Airlines, United Airlines, 
and American Airlines) provided additional feed-
back. Figure 1 shows a controller using the SMS 
displays during the simulation in FFC. Three 
experimental conditions were tested during multiple 
simulation runs, in which the controllers rotated 
among the positions in the tower; several traffic sce-
narios, based on actual traffic observed at DFW and 
programmed into FFC, were used. The SMS was 
well received by all of the participants, and simula-
tion results are being used in its further 
refinement. Through close interactions with the 

Fig. 1. SMS displays during the simulation.

R E V O L U T I O N I Z E  A V I A T I O N



30 G L O B A L  C I V I L  A V I A T I O N   / SAFETY  31

       A E R O S P A C E  T E C H N O L O G Y  
     E N T E R P R I S E

Virtual National Airspace Simulation System
Yuri Gawdiak, Bill McDermott, David Maluf, Peter Tran

In order to fully conduct research that will support 
the far-term concepts, technologies, and methods 
required to fix problems with the current air trans-
portation system, a simulation environment of the 
requisite degree of fidelity must exist. The Virtual 
National Airspace Simulation Systemʼs suite of 
tools supports the management of information as-
sociated with this complex and critically important 
operational environment (figure 1). The projectʼs 
main objectives are to develop a near real-time, 
distributed modeling and simulation capability; and 
to improve the quality of human models and simu-
lations of engines, wings, control surfaces, landing 
gear, and airframes.

The system consists of a suite of simulation tools, 
working in conjunction with a distributed network 
of supercomputers to run simulation software, along 
with high-speed network connections to aircraft, to 
the Federal Aviation Administration (FAA), and to 
airline data sources. Collectively, this system will 
enable the aviation community to integrate mod-
els of varying fidelity into an overall model of the 
national airspace.

In order to identify the underlying technological is-
sues involved, it was necessary to build a prototype 
system that would demonstrate the capability for 
integrating monitoring and simulation data, which 

participants, data were gathered about how con-
trollers and air carriers currently manage surface 
operations and how SMS can assist them in these 
tasks.

The simulation also studied the opportunity for 
interaction between SMS and the Ames-developed 
Center-TRACON Automation System (CTAS) Traf-
fic Management Advisor (TMA). The goal of SMS-
TMA interoperability is to more effectively manage 
the trade-off between arrival and departure ca-
pacities in response to the time-varying demands for 
arrivals and departures. Results demonstrated that 
SMS-provided information can enable better coor-
dination of arrival and departure management. Oth-
er opportunities for decision support to help with 
strategic departure management were identified, and 
will be pursued as SMS development continues.

Experience has shown that involving the eventual 
users throughout the development process signifi-
cantly benefits the quality, operational applicabil-

ity, and usefulness of the final product. ARC will 
continue to solicit input from both controllers and 
air carriers throughout the development of the SMS. 
In the summer of 2002, the SMS will be deployed 
in an air carrier ramp tower. Following “shadow-
mode” testing by controllers in the fall of 2002, a 
demonstration of the SMS being used operationally 
in an ATC tower is planned for the summer of 2003. 
Field-testing of the SMS is expected to be con-
ducted at Memphis airport, to take advantage of the 
FAA̓ s Safe Flight 21 experience and infrastructure 
there. ARC will continue to work with the FAA to 
prepare the mature SMS technology for transfer to 
the FAA̓ s Free Flight Phase 2 Program.

Point of Contact: Stephen Atkins
(650) 604-3577
satkins@mail.arc.nasa.gov
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in this case would encompass real-time operational 
airport data and aircraft subassembly simulations.

In FY01 a Virtual National Airspace Simulation 
(VNAS) prototype was successfully demonstrated, 
using a web browser as a graphical user interface 
and running on Information Power Grid computers 
at the Ames and Glenn Research Centers. The VNAS 
prototype downloads daily operational aircraft arri-
val and departure data from Atlantaʼs Hartsfield 
International Airport, and integrates those data with 
distributed simulation capabilities from three NASA 
Centers: an aircraft engine simulation at Glenn 
Research Center, a landing gear simulation devel-
oped at Langley Research Center, and aircraft wing 
simulations located at Ames.

The resulting simulation allows real-time opera-
tional airport data to be batch-processed and run 
through the distributed simulations, providing a new 
method of addressing maintenance and operational 
issues. For example, the maintenance history of a 
major subcomponent, such as a turbofan engine, 
when combined with simulation parameters from 
large numbers of simulated flight operations, would 
support early identification of engine-components 
that might be damaged or worn, thus possibly avoid-
ing a delayed or canceled flight. Similarly, fast-time 
emulation of thousands of flights of a particular air-
craft-type will help test new procedures or identify 
trends in existing procedures for maintenance and 
airline operations that may be indicative of unsat-
isfactory performance. In conjunction with other 

������������������������������������

�������
������

��������������
������

�����
������

��������
������������
������

������

������������

����

������

���������

���������������

����������

�������

������

�����������

��������

������

�����������

������������

����������������
������

�������������
����������������

���������������
������������

����������������

��������������
����

�����������������������������������������������������������������

���������������������������������������������������

Fig.1. Tools for information integration and management in complex operational environments.
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Large-Scale Test Bed Developed for Investigating Tilt-Rotor 
Aeromechanics and Terminal Area Operation
Megan S. McCluer, Jeffery L. Johnson

tools, the Virtual National Airspace Simulation will 
improve the operation and safety of the National 
Airspace and will support new technologies that 
address design, safety, and operational issues in the 
future air transportation system.

The Full-Span Tilt-Rotor Aeroacoustic Model 
(FS TRAM) is a dual-rotor, powered wind-tunnel 
model with extensive instrumentation for high-
resolution measurement of structural and aerody-
namic loads. The model has been developed to 
investigate tilt-rotor aeromechanics (aerodynamics, 
dynamics, aeroelasticity, and acoustics), to generate 
a comprehensive database for validating analyses, 
and to serve as a research platform for studying cur-
rent and future tiltrotor designs. The FS-TRAM test 
stand was brought to operational status, and an ini-
tial test campaign was conducted in Ames Research 
Centerʼs 40- by 80-Foot Wind Tunnel in late 2000. 
Figure 1 shows the Full-Span TRAM installed in the 
40- by 80-Foot Wind Tunnel. 

The data were reviewed, analyzed, and presented 
to the rotorcraft community. The wind-tunnel test 
results compared well with other small-scale experi-
mental data and confirmed the significant loss of 
hover performance for the full-span tilt-rotor 
compared to the isolated rotor configuration. The 
FS TRAM is currently being prepared for a test 
entry in the 80- by 120-Foot Wind Tunnel to inves-
tigate tilt-rotor interactional aerodynamics and 
terminal-area operations issues.

Fig. 1. The Full-Span TRAM mounted in the Ames 40- by 80-Foot 
Wind Tunnel.

Point of Contact: D. Maluf
(650) 604-0611
dmaluf@mail.arc.nasa.gov

Point of Contact: Jeffrey L. Johnson/Megan S. McCluer
(650) 604-6976/(301) 342-8558
jljohnson@mail.arc.nasa.gov
mccluerms@navair.navy.gov
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A Wind Tunnel Investigation of a Small-Scale Tilt-Rotor Mod-
el in Descending Flight
Anita I. Abrego, Kurtis R. Long

A small-scale tilt-rotor model was tested in the 7- by 
10-foot Wind Tunnel at Ames Research Center, with 
the goal of gaining a better understanding of the ef-
fects of vortex ring state (VRS) on tilt-rotor aircraft. 
Test objectives were to obtain performance data 
of a tilt-rotor model over a wide range of descent 
conditions, to explore the effects of sideslip at these 
descent conditions, and to investigate the validity 
of using a single-rotor with a physical image plane 
to simulate dual-rotor performance characteristics. 
The model consisted of a pair of two-bladed teeter-
ing rotors with untwisted, 11.125-inch diameter, 
rectangular planform blades (figure 1). Model con-
figuration variations included a dual-rotor, an iso-
lated-rotor, and a single-rotor with a physical image 
plane. Rotor performance data were obtained for the 
dual-rotor configuration operating over a wide range 
of descent and sideslip conditions. Isolated-rotor 

and single-rotor-with-image-plane configurations 
were tested over an abbreviated range of descent 
conditions. The results of this investigation revealed 
mean thrust reductions in the region of VRS for 
each model configuration. Fig-ure 2 shows thrust 
coefficient (Ct) versus descent angle (α) at an ad-
vance ratio of 0.08 and a collective pitch (θ) of 
12 degrees for each of the model configurations. 
Thrust results were similar in trend but different 
in magnitude. In comparison with the dual-rotor 
configuration, the isolated-rotor and single-rotor-
with-image-plane configurations produced thrust 
results similar in trend but different in magnitude.

Point of Contact: Anita Abrego
(650) 604-2565
Anita.I.Abrego@nasa.gov
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Fig. 2. Effect of image plane on mean thrust coefficient,
V/Vtip = 0.08, q = 12°.

Fig. 1. Tilt-rotor descent aerodynamics test in the Ames 7- by 
10-Foot Wind Tunnel.
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Fig. 1. Tilt-rotor models (with V-22 shell enclosing gears).

Wind Tunnel Visualization of Descending Tilt-Rotor Wake 
Aerodynamics
Kurtis R. Long, John Zuk, Robert K. Callaway

Recent assessments of tilt-rotor technology have 
highlighted a lack of understanding of the compli-
cated aerodynamic environment associated with tilt-
rotor aircraft during descending flight conditions. 
In particular, the descent condition known as vortex 
ring state (VRS), which occurs when the aircraft 
descends at speeds comparable to the aircraftʼs 
average hover downwash speed, is not thoroughly 
understood. A wind tunnel test at Ames Research 
Center investigated the effects of vertical descent 
rate on the flow field of a twin-rotor tilt-rotor model. 
Although similar investigations have been conduct-
ed for conventional rotorcraft, few if any investiga-
tions of tilt-rotor flow patterns have been conducted. 
This effort is one of the first to document VRS con-
ditions for a tilt-rotor aircraft.

The wind tunnel effort employed a locally manufac-
tured model tilt-rotor apparatus with two, 5-inch-di-
ameter, three-bladed rotors, driven by belts attached 
to an electric motor. The details of the model are 
shown in figure 1. The model was mounted such 
that the rotors were perpendicular to the flow with 
the downwash directed upstream; the tunnel speed 
was varied between 40 and 170 feet per second (fps) 
to simulate varying vertical descent rates. The ro-
tor speed was approximately 12,000 revolutions per 
minute (rpm), producing a tip speed of approximate-
ly 260 fps. Smoke was introduced upwind of the 
tunnel test section in order to visualize the resultant 
flow patterns. The development of the flow structure 
was documented with both still and video imagery.

The flow-visualization results provided consid-
erable insight into tilt-rotor descent flow patterns. 
Data analysis employed a parameter known as the 
descent speed ratio (DSR), defined as the dimen-
sionless ratio of tunnel speed (descent speed) to 

average hover downwash speed. A DSR near unity 
represents descent speeds at which VRS conditions 
might be experienced. Figure 2 summarizes the 
more significant VRS flow-visualization results. 
High descent speed (DSR > 1.0) sequences produced 
flow patterns that are typical of rotors in autorotation, 
which include smooth steady flow streamlines 

Fig. 2. Effect of tilt-rotor descent speed on flow patterns 
(tilt-rotor model in side view).
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below the descending rotor, and streamlines that 
expand outward as they travel above the rotor disk. 
VRS descent speed (DSR ~ 1.0) conditions pro-
duced smooth flow streamlines below the rotor; 
these streamlines broke down into less steady, fluc-
tuating patterns just below and adjacent to the rotor 
system. Conditions that were just slightly lower than 
those of VRS (DSR ~ 0.85) produced a very large 
unsteady flow region, which extended outward 

Influence of Wake Models on Calculated Tilt-Rotor 
Aerodynamics
Wayne R. Johnson

Comparisons of the measured and calculated aero-
dynamic behavior of a tilt-rotor model have been 
completed. The test of the Tilt Rotor Aeroacoustic 
Model (TRAM) with a single, 1/4-scale V-22 ro-
tor in the German-Dutch Wind Tunnel (DNW) 
provides an extensive set of aeroacoustic, perfor-
mance, and structural loads data. The calculations 
were performed using the rotorcraft comprehensive 
analysis CAMRAD II. The focus of this phase of 
the work has been the further development of wake 
models for tilt rotors in helicopter-mode opera-
tion. Three tilt rotor wake models were considered, 
characterized as the rolled-up, multiple-trailer, and 
multiple-trailer-with-consolidation models. Figure 
1 illustrates the calculated wake geometry of the 
TRAM using the multiple-trailer-with-consolidation 
model. By using a free-wake geometry calculation 
method that combines the multiple-trailer-wake 
model with a simulation of the tip-vortex formation 
process (consolidation), good correlation of the cal-
culations with TRAM measurements is obtained for 
both performance and for air loads. Figure 2 is an 
example of the correlation between measured and 
calculated blade-section air loads.

Fig. 1. Calculated wake geometry of Tilt Rotor Aeroacoustic 
Model (TRAM) in helicopter-mode operation, using the multiple-
trailer with consolidation wake model.

and below the rotor system. The unsteadiness de-
picted in this region provides one possible expla-
nation for prior real-world pilot observations of 
unsteady vehicle response when operating near VRS 
conditions.

Point of Contact: K. Long
(650) 604-0613
Kurtis.R.Long@nasa.gov
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Individual Blade Control for RIA Noise Reduction
Stephen A. Jacklin, Tom Norman, Patrick Shinoda

A full-scale wind tunnel test of an individual blade 
control (IBC) system showed that active blade-
pitch control can lower helicopter blade-vortex-
interaction (BVI) noise by 75%. BVI noise re-
duction is a critical runway-independent-aircraft 
(RIA) technology that will facilitate aircraft opera-
tion in urban areas. The IBC test was performed as 
part of the Black Hawk helicopter rotor test in the 

Fig. 2. Comparison of measured blade-section lift with calcu-
lations using rolled-up wake model, and the multiple-trailer with 
consolidation wake model.
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The rolled-up-wake model for tilt rotors evolved 
from the typical helicopter wake model, and fea-
tures a fully developed tip vortex (and an inboard 
vortex when there is negative loading of the blade 
tip). A major difference between this model and the 
corresponding wake model that has been established 
for helicopter rotors is that the tilt-rotor model does 
not use complete entrainment of the tip vortex. The 
multiple-trailer-wake model has a discrete trailed 
vortex line emanating from each of the wing aero-

Ames 80- by 120-Foot Wind Tunnel (figure 1) and 
conducted under a space-act agreement between 
Ames/Army, Sikorsky Aircraft Corp., and ZF Luft-
fahrttechnik (ZFL) GmbH.

A revolutionary concept in active control tech-
nology, the rotating blade-pitch-control links of the 
Black Hawk rotor were replaced by hydraulic 

dynamic panel edges. The calculation of the free-
wake geometry includes the distortion of all trailed 
lines, but because of the low spanwise resolution 
and the absence of viscous effects, a highly concen-
trated tip vortex is not produced. Good performance 
correlation is achieved using the rolled-up-wake 
model, but the calculated air loads are not accu-
rate. Good air-loads correlation is achieved using 
the multiple-trailer-wake model, but the calculated 
power is too large.

By using the free-wake geometry calculation meth-
od of CAMRAD II that combines the multiple-trail-
er wake model with a simulation of the tip-vortex 
formation process (consolidation), good correlation 
of the calculations with TRAM measurements is 
obtained for both performance and air loads. With 
the consolidation model, the trailed lines at the wing 
panel edges are combined into rolled-up vortices, 
using the trailed vorticity moment to scale the rate 
of roll-up. All the vorticity in adjacent lines that 
have the same sign (bound circulation increasing 
or decreasing) eventually rolls up into a single vor-
tex, located at the centroid of the original vorticity 
distribution.

Point of Contact: W. Johnson
(650) 604-2204
Wayne.R.Johnson@nasa.gov

R E V O L U T I O N I Z E  A V I A T I O N



38 G L O B A L  C I V I L  A V I A T I O N   / SAFETY  39

       A E R O S P A C E  T E C H N O L O G Y  
     E N T E R P R I S E

Fig. 1. Large Rotor Test Apparatus and UH-60 rotor installed in 
the Ames 80- by 120-Foot Wind Tunnel.

actuators. The actuators were manufactured by ZFL 
to superimpose up to ±6.0 degrees (deg) of blade 
pitch on the normal flight controls. Figure 2 shows 
one IBC actuator as installed in the Black Hawk ro-
tor hub. In the first test phase, the maximum control 
authority tested was ±3.0 deg.

The IBC inputs produced substantial noise and vibra-
tion reductions. At descent flight conditions typical 
of noisy landings, BVI noise reductions of over 
12 decibels (dB) (75%) were obtained using ±3.0 
deg of 2/rev IBC. Moreover, by using only about 
±1.0 deg of 3/rev blade-pitch control, IBC also 

eliminated up to 75% of the total vibration.
Adaptive IBC control technology holds the promise 
to meet or exceed the RIA noise and vibration sup-
pression goals. The ability of IBC to positively effect 
lift capability and high-speed performance of RIA 
will be evaluated in the Ames 40- by 80-Foot Wind 
Tunnel using the Sikorsky Growth (S-92) rotor.

Point of Contact: Stephen Jacklin
(650) 604-4567
Stephen.A.Jacklin@nasa.gov

Fig. 2. IBC actuator installed in the Black Hawk rotor system.
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The 7- by 10-Foot Wind Tunnel Investigation of a Ducted 
Fan System
Anita I. Abrego, Robert W. Bulaga

An experimental investigation was completed in the 
Ames 7- by 10-Foot Wind Tunnel with the objective 
of determining the performance characteristics of a 
ducted fan. The model (figure 1) was an annular duct 
with a 38-inch-diameter, 10-inch-chord, and a five-
bladed fixed-pitch fan. Model variations included 
duct angle of attack, exit vane flap length, flap-de-
flection angle, and duct chord length. Duct perfor-
mance data were obtained for axial and 

forward flight-test conditions. Axial-flow test data 
showed figure-of-merit decreases with increasing 
advance ratio. Forward flight data, shown in fig-
ure 2, indicate increasing propulsive force (Cx) with 
decreasing duct angle of attack (α). Exit vane 
flap-deflection angle and flap chord length were 
shown to be an effective way of providing side 
force. Extending the duct chord did not affect the 
duct performance. 
Point of Contact: A. Abrego
(650) 604-2565
Anita.I.Abrego@nasa.gov
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Fig. 2. Forward flight propulsive force coefficient versus advance 
ratio: baseline configuration, wind axis plus forward component 
of lift.Fig. 1. Ducted fan test in the Ames 7- by 10-Foot Wind Tunnel.
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Updated Displays for the Cockpit of the Space Shuttle
Jeffrey W. McCandless, Robert S. McCann

Ames Research Center has contributed to the Shut-
tle Upgrade Program by providing human factors 
guidance to astronauts, engineers, and programmers 
in order to ensure that the shuttle displays present 
complex information effectively. There have been 
dramatic advances in user interface 
design and display technology during the two 
decades that the space shuttles have been operating. 
Thus, NASA is in the process of redesigning the 
formats on the liquid crystal displays (LCDs) in the 
shuttle cockpit to capitalize on these advances.

The existing display formats in the space shuttle 
cockpit are limited in several ways. For example, 
the displays are primarily monochromatic, as shown 
in figure 1, making it difficult for astronauts to 
locate and focus their attention on a critical piece of 
information, such as an off-nominal parameter. The 

proposed display formats include a systematic and 
logical use of color. An example of the proposed 
color-coding logic is illustrated in figure 2. Critical 
parameters (such as the status of a jet manifold) turn 
red when the value is off nominal. The letters 
representing status (“Cl” for a closed valve in this 
example) become a color singleton that draws the 
viewerʼs attention automatically.

Fig. 1. Current display for the reaction control system.

Fig. 2. Proposed display for the reaction control system.

Another limitation of the current displays is that 
they make only limited use of graphics. The pro-
posed displays have expanded graphics to provide 
a closer match between the display and the mental 
models that crew members have of the system be-
ing depicted. For example, the proposed reaction 
control system display (figure 2) provides a graphic 
depiction of jet availability, enabling the crew to tell 
at a glance which jets can be fired. These improved 
display formats should give future shuttle crews 
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Investigation of New Liquefying-Fuel Hybrid Rocket Motors
Shane De Zilwa, Gregory G. Zilliac

the capability to make better and more rapid deci-
sions under off-nominal conditions, enhancing flight 
safety and crew memberʼs abilities to meet mission 
objectives.

The study of hybrid rocket motors is motivated by 
the need to improve safety, reduce costs, and 
enhance operational flexibility of rocket-based 
vehicles. Typical hybrid rocket motors use one 
propellant that is solid (generally the fuel) and 
another that is either liquid or gaseous (generally 
the oxidizer). Potential advantages of hybrids over 
conventional all-solid or all-liquid/gaseous motors 
are safety, throttleability, and cost of operations. 
Historically, the performance of hybrid systems has 
been limited by the low burning rates of the solid 
propellants. Recently, Stanford University, through 
a series of small-scale laboratory experiments, 
developed a family of paraffin waxes that have 
burning rates over three times greater than those of 
any hybrid propellants used previously. The primary 
objective of this activity was to develop the scaling 
characteristics of these waxes and demonstrate their 
potential as a feasible fuel for large-scale systems. 
If paraffin waxes perform as well at higher values of 
oxidizer mass flux, hybrid motors fueled with these 
waxes will also, in addition to the advantages men-
tioned above, be able to compete with conventional 
motors in terms of thrust capability.

To address the scaling issue, a facility for delivering 
up to 16 kilograms of gaseous oxygen per second to 
a hybrid motor capable of operating at combustion 
chamber pressures of up to 6,895 kiloPascals 
(1,000 pounds per square inch) has been built at 
Ames. During a firing, gaseous oxygen is delivered 
from a storage tank to the combustion chamber 

through a closed-loop control system. Combustion 
of the wax is initiated by a spark-ignited methane-
oxygen stream that is switched off once the wax 
begins to burn. A typical firing lasts about 10 sec-
onds. A photograph of a firing is shown in figure 1. 
Important parameters measured during a firing 
include the supply and chamber pressures and the 
oxygen mass flow rate. A set of typical results is 
shown in figure 2(a). The most important parameter, 
the burning rate of the wax, is determined by mea-
suring the mass loss from the fuel grain during the 
firing. 

The experiments at Stanford University investigated 
oxygen mass fluxes of up to 10 grams per square 
centimeter per second (g/cm2/s). To date, the tests 
at Ames have extended this range up to 50 g/cm2/s, 
which is comparable with that required for practical 

Point of Contact: J. McCandless
(650) 604-1162
jmccandless@nasa.gov

Fig. 1. Photograph of a firing.
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systems. The burning rates were found to be con-
sistent with the rates measured at Stanford and dem-
onstrate that large-scale hybrid rocket systems using 
paraffin waxes are feasible and would be thrust-
competitive with conventional systems. Also, the 
ability to throttle the mass flow (figure 2(b)) as well 
as to stop and restart the same fuel grain have been 
demonstrated. 

The continued development of hybrid combus-
tion systems utilizing these new high-regression 
rate fuels will be supported by follow-on research 
to quantify and understand the three-phase flow 
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Fig. 2. (a) Results from a typical run; (b) demonstration of throttling.

mechanisms that govern the combustion processes. 
To this end, a rectangular cross-section combustion 
chamber has been designed that includes optical 
access through the side and top walls. This will al-
low visualization of the process and the use of laser 
instrumentation to investigate the phenomena in-
volved with the mixing and burning of paraffin and 
oxygen.

Point of Contact: G. Zilliac 
(650) 604-3904
Gregory.G.Zilliac@nasa.gov

Mars Rotorcraft Scout
Larry A. Young

A new approach to the robotic exploration of 
Mars is being studied at Ames: the use of small, 
ultralightweight, autonomous, rotary-wing aerial 
platforms (figure 1). Missions based on robotic ro-
torcraft could be excellent candidates for the NASA 
Mars Scout program.

Many of the most interesting geological features on 
Mars lie in terrain that is essentially unreachable by 
rovers and other current landing systems. Examples 

include the headwaters of the newly discovered 
small Martian gullies and the layered cliff faces 
along the walls of Valles Marineris. Yet, in situ 
exploration of these features is critical to the under-
standing of their formation and of the role of water 
in Mars  ̓present and past climate. A vertical-lift 
planetary aerial vehicle (a Mars rotorcraft) would 
have the flexibility to takeoff nearby, transit to, then 
hover over and examine such high priority science 
targets. Unlike fixed-wing aircraft concepts, a Mars 
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rotorcraft scout offers the opportunity to perform 
multiple flights by recharging, or refueling, at the 
lander. The rotorcraft would image and obtain spec-
tral data for geological sites, and acquire samples 
from distances of up to 10 kilometers or more 
from the lander. The small samples would then 
be returned to the lander for in-depth analysis.

The feasibility of vertical flight in the Martian 
atmosphere has been established by design studies 
by Ames Research Center and by independent anal-
yses performed by several university teams. Work 
on the Mars rotorcraft concept is transitioning from 
preliminary system analysis to proof-of-
concept test article design and fabrication, to assess-
ment and fundamental experimental investigations 
of the unique aerodynamics of these vehicles. In 
particular, an isolated rotor experimental model—
subject to design constraints consistent with flight 
in the Martian atmosphere—has been designed and 
fabricated and is currently undergoing pre-test prep-
aration for hover testing in an Ames environmental 
chamber. Complementary comprehensive rotorcraft 
aeromechanics analyses and computational fluid 
dynamics (CFD) studies are being performed to aid 
in the development of this unique aerial vehicle (fig-
ures 2(a)-(c)). Work is also under way to examine 
autonomous system technology and other critical 
enabling technologies for vertical-lift planetary 
aerial vehicles.

Fig. 1. A Rotary-Wing Mars Scout.
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Fig. 2. (a) Experiment; (b) comprehensive rotor analysis; (c) Navier-Stokes CFD.

Point of Contact: L. Young, Code ARA
(650) 604-4022
Larry.A.Young@nasa.gov
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Pegasus5 Prepares Overset CFD Grids
Stuart Rogers

The goal of this work is to dramatically reduce the 
cycle time and the user expertise required to perform 
computational fluid dynamic (CFD) analysis for 
complex-geometry configurations. The Pegasus5 
software code is a key piece of the series of tools 
used for CFD analysis using structured overset 
grids. It is responsible for connecting all of the ran-
domly overset volume grids and preparing them for 
the flow solver. The previous version of the Pegasus 
code (version 4) required extensive input from an 
expert user.

In 1998, as part of the NASA/Boeing Advanced 
Subsonics Technology (AST) Program, a major 
milestone was met by reducing the CFD cycle time 
for a complete aircraft in a high-lift configuration 
from 1 year to less than 50 days. Of the 48 days 
that were required to simulate the flow over a Boe-
ing 777-200 aircraft in a landing configuration, 32 
days were used to perform the “oversetting” prepro-
cessing of the CFD meshes, utilizing the Pegsus4 
code. This program also initiated an effort to de-
velop 
Pegasus5, a completely new and improved version 
of this oversetting code. The approach was to utilize 
new algorithms which would eliminate the copious 
amount of input and the highly trained user exper-
tise required by Pegsus4.

Significant improvements to the Pegasus5 software 
have been made during the past year, including 
several algorithm improvements, bug-fixes, and 
parallelization. A coarse-grained parallelization of 
the code was implemented utilizing the Message-
Passing Interface (MPI) standard. This resulted in 
a speed-up of up by a factor of 14 when using 16 
processors on a Silicon Graphics Inc. (SGI) Origin 
computer. The Pegasus5 software was tested this 

year to process the original meshes used for the 
Boeing 777-200 high-lift configuration. A com-
pleted grid-system was processed in only 3 working 
days, which is an order of magnitude speed-up over 
the 32 working days required in 1998. The two 
figures show the complexity of the 777 geometry. 
Figure 1 shows a planform view of the configu-
ration, figure 2 shows a close-up of part of the high-
lift flap system.

Fig. 2. Surface grids of part of Boeing 777-200 high-lift flap 
systems.

Fig. 1. Surface grids of the Boeing 777-200 high-lift 
configuration.
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OVERFLOW flow computations were run on an 
SGI Origin O2K system with this new grid sys-
tem, and the results were nearly identical to those 
computed with the Pegsus4-generated grids. This 
indicates that the same accuracy can be obtained in 
significantly less time. Improved turn-around time 
of the flow solver was also obtained using 128 pro-
cessors of an SGI Origin system, which required 
only 24 hours; the previous effort required 48 hours 
of running on a Cray C90 in 1998.

This speed-up in CFD cycle time and the reduction 
in user expertise requirements will significantly 
reduce the cost of applying viscous CFD methods 

The Information Power Grid (IPG) Project
Arsi Vaziri, William E. Johnston

The Information Power Grid (IPG) is NASA̓ s 
implementation of a compute and data Grid—an 
emerging infrastructure that provides seamless and 

to complex design and analysis problems. The first 
public beta release of Pegasus5 was announced at 
the beginning of this year. Copies of the software 
have been disseminated to over 90 different NASA, 
DoD, and industry users so far.

Point of Contact: S. Rogers
(650) 604-4481
Stuart.E.Rogers@nasa.gov

uniform access to NASA̓ s geographically dispersed 
computational, data storage, networking, instruments, 
and software assets (figure 1).

Fig. 1. NASA’s distributed enterprise: people, computing, data, and instrument resources are integrated using computing and data grids.
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IPG is NASA̓ s high-performance computational 
grid. Computational grids are persistent networked 
environments that integrate geographically distrib-
uted supercomputers, large databases, and high-
end instruments. These resources are managed by 
diverse organizations in widespread locations, 
and shared by researchers from many different 
institutions.

Future directions include new services that will 
allow users to approach the Grid with a computing 
or data management problem, and to dynamically 
“assemble,” manage, and use all of the required 
resources by building a “virtual system” to solve 
their problem. This will enable the routine use of 
applications and application portals that require the 
use of many different distributed computing and 
data resources to solve a single problem. This view 
of the IPG provides a radically different use of com-
puting in NASA̓ s science and engineering, through 
integration of diverse and geographically distributed 
resources into the users desktop.

IPG is a multi-Center NASA effort and is being 
developed in collaboration with universities and 
other government agencies. Grid Services such 
as security, authentication, resource management, 
data management, resource discovery, and commu-
nication are provided by using the Globus Toolkit. 
Globus is a community-developed, open-source set 
of middleware software and libraries that support 
Grids and Grid applications.

Over the past 3 years, IPG has made significant 
progress in building and operating a state-of-the-
art production Grid for NASA users (see 
www.ipg.nasa.gov). During FY01, a large-scale 
computer system (512-processor SGI Origin 2000) 
was integrated into the IPG resource pool. This 
addition provided a new level of computing power 

to NASA applications running on IPG. IPGʼs basic 
Grid services and their operational support are in 
place at four NASA Centers: Ames Research Center, 
Glenn Research Center, Langley Research Center, 
and the Jet Propulsion Laboratory.

In addition to computing and storage resources, IPG 
also provides mechanisms for the integration and 
control of remote, high data-rate instruments using 
Grid services. A remote instrument connected to the 
Grid as a resource can be made accessible to a user 
who may access, control, and collect data and store/
access data on IPG storage resources.

During FY01, two remote instruments were demon-
strated. The Ames DARWIN/DREAM wind-tunnel 
instrumentation system used IPG services and 
resources in order to: (1) provide the instrument-
ation facility access to large-scale computing and 
data systems; (2) provide a standardized set of high-
ly capable resource access and management services 
that do not have to be developed by the application 
developers; and (3) provide wider 
access to instrumentation data and analysis systems 
through a widely deployed IPG.

Using the TeleScience for Advanced Tomography 
facilities at the University of California, San Diego, 
it was demonstrated that NASA researchers, using 
remote and non-NASA facilities, can use NASA 
IPG services and resources to both store and analyze 
data that are obtained at the remote instrumentation 
facilities.

See www.ipg.nasa.gov for more information.

Point of Contact: A. Vaziri/W. E. Johnston
650/604-4523/4365
Arsi.Vaziri@nasa.gov/Wayne.E.Johnson@nasa.gov
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Programming Paradigms for Adaptive Applications on 
SGI Origin
Rupak Biswas

Adaptive applications have computational work-
loads and communication patterns that change 
unpredictably at runtime, requiring dynamic load 
balancing to achieve scalable performance on par-
allel machines. An efficient parallel implementation 
of such adaptive applications is therefore a chal-
lenging task. However, architectural convergence 
and software tools have made it possible for dif-
ferent programming paradigms to be supported on 
the same platform. Our objectives were to compare 
the performance of and the programming effort 
required for two classes of adaptive problems under 
three parallel programming paradigms on an SGI 
Origin2000 system, a machine that supports all 
three models efficiently.

The first adaptive application was a dynamic 
remeshing problem on an unstructured grid. It rep-
resents a powerful and efficient technique in the 
numerical modeling of physical phenomena on 
complex irregular domains. The application consists 
of three main modules: local mesh adapter, dynamic 
load balancer, and numerical flow solver. The second 
application was the classic N-body problem that 
arises in many areas of science and engineering 
such as astrophysics, molecular dynamics, and com-
puter graphics. Having specified the initial positions 
and velocities of N interacting bodies, the problem 
is to find their positions after a given period of time. 
The solution algorithm consists of three distinct 
phases: tree building to represent the distribution 
of the bodies, calculation of the force interactions 
between individual bodies, and updating each 
bodyʼs position and velocity based on the computed 
forces.

At present, the three leading parallel programming 
paradigms are explicit message passing, one-sided 
communication using symmetric private address 
spaces, and cache-coherent shared address space 

(CC-SAS). The message-passing paradigm is the 
most popular, and it is commonly implemented by 
using the Message Passing Interface (MPI) library. 
Communication is performed by means of send-re-
ceive pairs, so processes on both sides are explicitly 
involved. The SHMEM (Shared Memory) library is 
similar to MPI but uses symmetric address spaces 
for the individual processes. Thus, any process can 
specify remote data by using their local name and 
the process identifier. CC-SAS, on the other hand, 
assumes a global shared address space, leverages 
hardware cache-coherency features, and accesses 
remote data implicitly by means of ordinary loads 
and stores. We chose the SGI Origin2000 machine 
as the common platform to compare and contrast 
these three programming models. The Origin is a 
scalable, hardware-supported cache-coherent non-
uniform memory access system with an aggressive 
communication architecture. It therefore automati-
cally supports the CC-SAS paradigm. The MPI and 
the SHMEM models are built-in software but lever-
age the machineʼs shared address space and the ef-
ficient communication features.

For the dynamic remeshing problem, we simulated 
flow over an airfoil and geometrically refined re-
gions corresponding to the locations of the stag-
nation point and the shocks. The original mesh 
contained 59,000 (59K) triangles, and grew to ap-
proximately 156K, 441K, 1 million (1M), and 1.3M 
triangles through four levels of refinement. In this 
rapidly adapting flow simulation, local mesh refine-
ment and the ensuing load balancer were invoked 
after 10 iterations of the numerical solver. Perfor-
mance results are presented in table 1. Each of the 
three modules in this application had distinct per-
formance characteristics. None of the programming 
paradigms was a clear winner. MPI and SHMEM 
outperformed CC-SAS during the adaptation phase; 
however, CC-SAS reduced programming com-
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Facilitating Human Performance Modeling
Alonso Vera, Roger Remington, Michael Matessa, Michael Freed

plexity and did not require data remapping after 
load balancing. Moreover, the benefits of CC-SAS 
became evident with larger mesh sizes. For the N-
body problem, we also tested four cases: 16K, 64K, 
256K, and 1M bodies. These data sets model two 
neighboring Plummer model galaxies that are about 
to undergo a merger. Performance results for this 
application are presented in table 2. Here, MPI and 
SHMEM significantly outperformed CC-SAS for 
the largest data set.
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Overall results indicate that all three programming 
paradigms can deliver comparable performance; 
however, the implementations differ considerably, 
even though the same basic parallel algorithms were 
used. CC-SAS provides substantial ease of pro-
gramming, but currently has portability limitations 
and suffers from poor spatial locality of distributed-
shared data.

Point of Contact: R. Biswas
(650) 604-4411
Rupak.Biswas-1@nasa.gov

A computational modeling tool was demonstrated 
that automatically constructed a model of complex 
behavior from libraries of primitive actions and was 
able to predict the performance of human operators 
very accurately. One of the difficulties in developing 
human interfaces to complex systems is antici-
pating users  ̓responses to the large space of possible 
system states and design options. Even extended 

empirical user testing can fail to uncover serious 
difficulties. Moreover, current practice fails to make 
use of the abundance of data and theory that could 
be applied to evaluate candidate human-system 
configurations. A promising solution is to develop 
a computational representation of the user to allow 
a designer to simulate user responses to a variety 
of situations and design options. This goal was ap-
proached by packaging the abundance of data on 

P I O N E E R  T E C H N O L O G Y  I N N O V A T I O N S



50 G L O B A L  C I V I L  A V I A T I O N   / SAFETY  51

       A E R O S P A C E  T E C H N O L O G Y  
     E N T E R P R I S E

human perceptual, cognitive, and motor phenomena 
into sets of behavioral primitives or templates that 
can be incorporated directly into predictive, com-
putational models. Templates reduce the amount 
of psychological and methodological knowledge 
required to build models, allowing the modeler to 
focus on task analysis instead of on low-level psy-
chological theories and modeling methodology.

A tool was developed for automatically construct-
ing long sequences of behavior from a small set 
of templates that describe primitive actions such as 
moving a mouse to a target, typing a key, or pressing 
a mouse button. The computational modeling ap-
proach, based on a powerful cognitive task analysis 
method called CPM-GOMS (Critical Path Method-
Goals Operators, Methods, Selection rules), has 
been successful in making accurate, zero-parameter, 
a priori predictions of the routine performance of 
skilled users in a wide range of procedural tasks. 
This system, Apex, automatically generates streams 
of behavioral templates that can be visualized with 
PERT charts, showing the complex interleaving of 
cognitive, perceptual, and motor resources deployed 
by skilled users.

Figure 1 shows the close fit between the perfor-
mance times generated by the model and those 
generated by human users for a simple human-
computer interaction task. The model predicts each 
mouse click in the task within 100 milliseconds 
or less. Resource scheduling in Apex automates 
the difficult task of interleaving the cognitive, per-
ceptual, and motor resources underlying common 
human-computer interaction task components (e.g., 
mousing to and clicking on a button). The user 
interface to Apex displays the PERT chart on com-
mand, allowing modelers to visualize a modelʼs 

Fig. 1. Sample performance data for two subjects on a human-
computer interaction task compared with the predictions gener-
ated by the CPM-GOMS model.

complex parallel behavior (figure 2). Because in-
terleaving and visualization are now automated, it 
is feasible to construct arbitrarily long sequences of 
behavior. Apex is being developed into a tool that is 
robust, fast, and usable in the context of predictive 
modeling for system design with libraries of behav-
ioral templates for common human-computer inter-
action activities.

Current modeling environments impose barriers 
to computational human performance models that 
limit their use to a few special cases. Modeling has 
been time consuming and error prone, and requires 
specialized training in cognitive science. In order 
for computational cognitive modeling to achieve 
wider use in software design, it is necessary to make 
model production easier and more valid than it has 
been in the past. The implementation of a powerful 
modeling method by researchers at Ames and their 
collaborators at Carnegie Mellon University marks 
a significant step toward this goal.
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Subjective Estimation of Visual Quality
Andrew B. Watson

Fig. 2. Behavioral PERT charts automatically generated by the Apex/CPM-GOMS GUI.

A standard method for estimating subjective visual 
quality was developed at Ames Research Center. 
NASA missions rely extensively on visual commu-
nications, from space imagery and remote monitoring 
of space and aircraft to advanced video commu-
nications. In all of these applications, maximizing 
visual quality, while minimizing weight, power, 
bandwidth, and cost, is a primary concern. Yet, there 
have been no standard methods for measuring visual 
quality. The method developed at Ames is based on 
the just-noticeable-difference (JND) unit. In psy-
chophysics (the study of the relation between phys-
ical stimuli and sensory experience), two physical 
stimulus intensities that can just be discriminated 

are said to be one JND apart. Our method provides 
a way of measuring the perceptual distance between 
two stimuli in units of JND.

This method uses a pair-comparison procedure in 
which a pair of samples are presented to an observer 
on each trial. The observer selects the one perceived 
to be greater on the relevant scale (e.g., heavier, 
brighter, louder). Although simple for an observer to 
perform, this procedure is inefficient because many 
comparisons will be uninformative if all samples are 
compared. In general, samples separated by about 
1 JND are the most informative. Thus, a more effi-
cient adaptive method for selecting sample 

Point of Contact: Alonso Vera
(650) 604-6294
Alonso.H.Vera@nasa.gov
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pairs was developed; it is based on Bayesian esti-
mation of the sensory scale after each trial. It is 
called Efficient Adaptive Scale Estimation, or EASE 
(“to make less painful”).

The EASE method was used to measure impair-
ment scales for digital video. Each video was derived 
from an original source (SRC) with the addition of 
an artifact produced by a particular form of video 
compression at a specific bit rate, called a hypo-
thetical reference circuit (HRC). Different amounts 
of artifact were produced by linear combination of 
the source and compressed videos. On each pair-
comparison trial, the observer selected which of the 
two sequences appeared to be more impaired. The 
scale is estimated from the pair-comparison data by 
using a maximum likelihood method. The value at 
the top of the scale (with all of the artifact present) 
is the total number of JNDs separating the original 
and the compressed video.

Impairment scales for 25 video sequences derived 
from five SRCs combined with each of five HRCs 
were measured. EASE was found to be a reliable 
method for measuring impairment scales and JNDs 
for processed video sequences. Figure 1 shows the 
growth of the perceived artifact, in units of JND, as 
the proportion of artifact is increased from 0 to 1 for 
one particular video sequence. The black points are 
a sampled estimate of the impairment scale, and the 
red curve is a continuous functional estimate. The 
advantage of JND measurements is that they result 
in absolute units that are meaningful and unlikely 

to be subject to context effects. JND measurements 
offer a means of creating calibrated artifact samples 
and of testing and calibrating video quality models.

This work was performed in close collaboration 
with the IEEE G-2.1.6 Subcommittee on Video 
Compression Measurements of the IEEE Broadcast 
Technology Society so it could be readily adopted 
as the U.S. standard for measurement of perceived 
impairment of digital video. The resulting “IEEE 
P1486/D06, Draft Standard for the Subjective 
Measurement of Visual Impairments in Digital Vid-
eo Using a Just Noticeable Difference Scale,” will 
be balloted in 2002.

Point of Contact: A. Watson
(650) 604-5419
Andrew.B.Watson@nasa.gov

Fig. 1. Perceived impairment as a function of intensity of physical 
impairment for one video sequence. 

�������������������

�
��
��

��
��

���
�
��
��

��
��
��
�
�
�

�
� �� �� �� �� �

�

�
�������� ����������

�

�

�

�

P I O N E E R  T E C H N O L O G Y  I N N O V A T I O N S



52 G L O B A L  C I V I L  A V I A T I O N   / SAFETY  53

       A E R O S P A C E  T E C H N O L O G Y  
     E N T E R P R I S E

Text Readability Metric Validated for Transparent Text
Albert Ahumada

A text readability metric developed at Ames 
Research Center was applied to predict the reada-
bility of text superimposed on the background in a 
transparent manner. Both in the cockpit and in the 
control tower, text readability is an important issue. 
For many advanced displays, text will be presented 
on top of complex imagery, such as synthetic scene 
images or weather maps. In such applications, the 
text is either additively transparent (e.g., a head-up 
display that adds light to the external scene), or mul-
tiplicatively transparent (e.g., a see-through 
liquid crystal display that attenuates the light com-
ing through the display). Previous tests of this 
metric have been restricted to text that overwrote 
the background.

Text readability was measured for the two types of 
transparent text (Additive and Multiplicative) at 
two contrast levels (Low-0.3 and High-0.45) on 
three background textures (arbitrarily labeled Plain, 
Wave, and Culture). Five additional contrast levels 
(0.1, 0.15, 0.2, 0.25, 0.3) were measured for the 
plain backgrounds. Figure 1 illustrates the observerʼs 
task in the validation test. The observer reads a 
paragraph containing a word (circle, square, or 
triangle) inserted at random in the text, pressing a 
button of the corresponding shape when the word is 
found. The average search time is considered to be 
indicative of text readability.

Fig. 1. An example text display with a 
multiplicative contrast of 1.0 on the cul-
ture background; the correct response is 
to click on the square.
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Figure 2 shows the average search times for the dif-
ferent conditions as a function of the text-readability 
metric scores. The readability metric was found to 
account well for the difference between the Mul-

Fig. 2. The relationship between experimentally measured search 
times and the text readability metric for the experimental condi-
tions.

tiplicative and the Additive conditions; lower ef-
fective contrast values were assigned to the Additive 
conditions. The High Contrast/Culture Texture con-
dition fell along the Plain Texture curve. The Low 
Contrast/Culture Texture condition appeared to be 
an extension of that curve, but the metric predicted 
more masking for the Wave Texture condition than 
actually produced. The overall rank correlation of 
the fit is -0.94, where -1 would be a perfect corre-
lation. Although the predictions of the text-readabil-
ity index were not perfect, it is easy to compute (it 
depends only on means and variances of pixel 
luminances) and allows designers to estimate quick-
ly the likely effect of changes in text contrast, mode 
of presentation, and background imagery on text 
readability.

Point of Contact: A. Ahumada
(650) 604-6257
Albert.J.Ahumada@nasa.gov�����������������������

�
��
��
�
��
��

��
��
��
�

��

������ ��� ��� ��� ��� ��� ��

��

��

��

��

�� �����������
������������
��������
���������
���������
����������
����������

Computational Modeling of Hovering Rotors and Wakes
Roger C. Strawn

Large-scale computations have been conducted to 
numerically simulate the performance of a UH-60A 
model rotor in hover. These computations were 
designed with high numerical resolution in order to 
carefully control numerical effects in the final results. 
The computations solve the Navier-Stokes equations 
that govern the aerodynamic flow field around the 
rotor system. Baseline computations used 10.6 mil-
lion grid points, and one high-resolution simulation 
used 64 million points. The 64-million-grid-point 
solution pushed the limits of todayʼs high-

performance parallel computers. Figure 1 shows 
computed vorticity contours from this 64-million-
grid-point result. All solutions show very good 
agreement with experimentally measured rotor per-
formance. The computations show that careful atten-
tion to numerical details and high-resolution grids 
can produce hovering-rotor performance results that 
are very accurate. In addition to providing a wealth 
of detailed flow-field information, the results show 
that rotorcraft computational fluid dynamics (CFD) 
simulations can also provide accurate quantitative 
performance results as well. 
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Point of Contact: R. Strawn
(650) 604-4510
rstrawn@mail.arc.nasa.gov

Fig. 1. Computed vorticity contours 45° behind the rotor blade 
for the 64-million-grid-point solution.

Unsteady Pressure-Sensitive Paint Measurements on an 
Oscillating Airfoil
Edward T. Schairer, Lawrence A. Hand

Pressure-sensitive paint (PSP) is an optical technique 
for measuring continuous pressure distributions on 
aerodynamic surfaces of wind-tunnel models. The 
technology for making PSP measurements on rigid 
models in steady flows is well established and has 
been implemented in large wind tunnels worldwide. 
In contrast, the technology for making unsteady PSP 
measurements on a flexible model is still evolv-
ing. One such application of particular interest is a 
helicopter rotor in forward flight. Rotor flows are 
extremely complex and poorly understood, and 
traditional methods for measuring pressures on 
rotors (e.g., using unsteady pressure transducers) 
are difficult and costly to apply, and they yield woe-
fully inadequate spatial resolution. The high spatial 
resolution and non-contact nature of PSP make it 
a potentially valuable tool for understanding rotor 
aerodynamics.

Over the past several years, a series of experi-
ments at Ames Research Center has addressed the 
problems of using PSP to measure pressures on heli-
copter rotors. PSP measurements were made on rig-
id and flexible rotors in hover in the Ames Anechoic 
Chamber. In addition, unsteady measurements were 
made on an oscillating airfoil in the Compressible 
Dynamic Stall Facility. Although PSP measure-
ments were successfully made in each experiment, 
one shortcoming the experiments shared was lack 
of independent verification of the PSP results. The 
present article summarizes a second oscillating air-
foil experiment in which this problem was rectified: 
in addition to PSP, the model was instrumented with 
unsteady pressure transducers.

The experiment was conducted in the Compressible 
Dynamic Stall Facility (figure 1). The model, a 
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6-inch-chord NACA 0012 airfoil, was supported at 
either end by turntables mounted in the sidewalls 
of the test section. The turntables and model were 
driven in simple harmonic motion by a motor on top 
of the test section. The model oscillated about its 
quarter chord at an amplitude of ±5º, mean angle of 
0º, and frequencies up to 20 Hertz. The Mach num-
ber for all the tests was M = 0.45.

The lower surface of the model was painted with 
pressure paint supplied by Langley Research Center. 
The model was illuminated through a window in 
the lower wall of the test section by a xenon flash 
lamp and was imaged through the same window 
by a cooled CCD camera fitted with filters to block 
light from the lamp. The flash lamp could be trig-
gered at pre-selected phase angles, and images were 
built up over many oscillation cycles. Images were 
acquired at 20 near-evenly spaced phase angles of a 
full cycle.

The lower surface of the model was instrumented 
with eight unsteady pressure transducers located 
between the leading edge and the quarter chord near 
the model mid-span. Data were acquired at a rate of 
8,000 samples per second and phase-averaged over 
many cycles.

A PSP sample was calibrated over a range of pres-
sures and temperatures in a calibration chamber. 
This calibration was used to convert wind-off/wind-
on image intensities, measured in the wind tunnel, 
to pressure distributions. The pressure paint ex-
hibited some temperature sensitivity. To correct for 
this effect, the temperature of the paint on the model 
was assumed to equal the local adiabatic recovery 
temperature.

Wind-off/wind-on image intensities were scaled to 
force the PSP data to match the pressure measured 
by one of the transducers (x/c = 0.25). Although this 
compromised the independence of the PSP measure-
ments, it was necessary to account for unexpected 
variations in average flash-lamp brightness from one 
image to the next.

PSP data were extracted along a chordwise line 
near the transducers at each of the 20 phase angles. 
Figure 2 shows data at three phase angles for the 
20-Hz case. Note the enforced agreement between 
the PSP (solid lines) and pressure-transducer (sym-
bols) data at x/c = 0.25. The PSP data track the other 
transducers reasonably well. The most likely rea-
sons for differences between the PSP and transducer 
data include imperfect temperature compensation 
of the PSP and three-dimensional flow effects (the 
PSP and transducer data were acquired at slightly 
different span stations). Harmonic analysis of both 
the PSP and transducer data at all 20 phase angles 
shows that, upstream of the quarter-chord, the un-
steady pressures lagged the model motion. 

Fig. 1. Test set-up.

P I O N E E R  T E C H N O L O G Y  I N N O V A T I O N S



56 G L O B A L  C I V I L  A V I A T I O N   / SAFETY  57

       A E R O S P A C E  T E C H N O L O G Y  
     E N T E R P R I S E

Wind Tunnel Tests to Determine the Air-Wake 
Characteristics of U.S. Navy Ships
Kurtis R. Long, James T. Heineck

Point of Contact: E. Schairer
(650) 604-6925
Edward.T.Schairer@nasa.gov

To improve safety during shipboard rotorcraft take-
offs and landings, personnel from Ames Research 
Center and the U.S. Navy have teamed to investigate, 
understand, and report back to the fleet, the compli-
cated flow patterns associated with ship air-wakes. 
This long-term effort employs both wind-tunnel and 
computational fluid dynamics (CFD) techniques to 
estimate full-scale ship air-wake data for a variety 
of U.S. Navy ship Program Offices. Five different 
ship air-wake wind-tunnel efforts were conducted 
in FY01; these included a project to determine the 
effects of model fidelity on the air-wake charac-
teristics of a new destroyer, an investigation of the 
causes of two recent rotor blade/fuselage contact 
incidents, and a project to collect ship air-wake data 
using particle image velocimetry (PIV) techniques.

For shipboard air-wake wind-tunnel tests, models 
were constructed from wood, brass, and plastic. 
Each ship model represented different levels of 

geometric fidelity, quantified by a Characteristic 
Geometric Fidelity Dimension (CGFD), which 
represented the size of the largest real-world ship 
structure modeled accurately in the model. The 
high-fidelity models (CGFD = 8 inches) included 
almost all the protuberances, fittings, and mast-
mounted emitters of the real ship. Models were 
operated in various wind-tunnel facilities at Ames 
Research Center, using various instrumentation to 
collect the desired air-wake data at multiple vertical-
lateral planes spanning the length of each model.

Model fidelity test results indicated that highly 
detailed models experienced significantly larger 
(30% of free-stream velocity) deficits in mean down-
stream velocity ratio, in areas 50-75 feet above the 
deck and downstream of the mast and yardarms; this 
difference vanished at eight H-60 helicopter rotor 
diameters (1 D = 53.6 ft) downstream of the shipʼs 
aft deck edge. Elsewhere, there were minimal 

Fig. 2. Comparison of PSP (solid lines) and pressure-transducer 
(diamonds) data at three phase angles (f = 20 Hz, M = 0.45).
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(<5%) variations in mean downstream velocity ra-
tio. The high detail models also produced slightly 
decreased (5 degrees) upflow angle in regions more 
than 75 feet above the deck, and at heights of 10 to 
20 feet above the deck, downstream of the mast and 
yardarms. The high-detail model slightly increased 
(3 degrees) the downflow angle elsewhere, but all 
differences decayed to values less than 3 degrees 
at 8 D downstream of the deck aft edge. The high-
detail model created insignificant (less than 4%) 
changes in mean spin velocity at all locations inves-
tigated.

The PIV effort produced a high quality set of air-
wake data that consisted of over 100,000 sets of 
three-dimensional (3-D) velocity data, acquired 
in a few hours time. The PIV data were subse-
quently used to help quantify the shipʼs air-wake 
environment for unmanned air vehicle (UAV) oper-
ations. The PIV air-wake effort successfully demon-
strated that PIV techniques are a practical means for 
obtaining large quantities of air-wake information in 
a very short amount of time.

The effort to investigate recent rotor-blade/fuselage 
contact instances (also known as tunnel strikes) 

employed both surface oil visualization and veloc-
ity measurements, which showed that the pres-
ence of parked aircraft on the starboard side of the 
ship created different flow patterns than those that 
occurred for the empty-deck configuration (figure 1). 
When helicopters were placed at typical starboard 
side parking locations, a strong longitudinal vortex, 
which typically hugged the starboard deck edge for 
the empty deck configuration, was now displaced 
upward and over the parked helicopters, reattaching 
to the deck at a location that was more inboard, and 
therefore closer to the port side landing spots. The 
results of this effort were forwarded to the deployed 
ship within 2 weeks of the tunnel-strike incidents; 
shipboard personnel utilized the information and ex-
perienced no further tunnel strikes during the shipʼs 
deployment.

These efforts illustrate how existing NASA fa-
cilities, expertise, and technology can be used to 
quickly investigate, analyze, and remedy problems 
in a variety of nontraditional work areas.

Point of Contact: K. Long/J. T. Heineck
(650) 604-0613/0868
Kurtis.R.Long@nasa.gov
James.T.Heineck@nasa.gov

Fig. 1. Surface oil flow visualization: effect of parked helicopters on LHD 1 Class flow patterns.
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Semiconducting Nanotube—Electrode Contact Modeling
Toshishige Yamada

Transistors are the heart of present-day electronics. 
Their miniaturization and integration have resulted in 
ultralarge-scale integrated circuitry with 10 billion 
transistors mounted on a tiny 1-centimeter square 
chip. NASA aircraft are controlled with computers 
on board and on the ground that are composed of 
these chips. The transistor performance is deter-
mined by intentionally introduced impurities in 
the channel of the transistor. Following the present 
miniaturization below 0.1 microns—a thousandth 
the width of a human hair—the electrons start to 
see less than a hundred impurity atoms scattered 
randomly in the channel. To design transistors ac-
curately, the impurity atoms must be positioned in 
a three-dimensional way with atomic precision, but 
this is technologically impossible and implies an 
end of the silicon transistor era. For further prog-
ress, Ames researchers needed to reverse the phi-
losophy—from top-down to bottom-up design. The 
researchers should start from precise atomic struc-
tures free from randomness, and build devices us-
ing atomically precise blocks, rather than continue 
with miniaturization. This is the motivation for the 
Atomic Chain Electronics Project at Ames Research 
Center.

Carbon nanotubes have a hollow cylinder shape 
with a diameter of about one billionth of a meter. 
They are molecules in that all the atoms are located 
at designated positions without any random fluctua-
tions. All the nanotubes are atomically precise, and 
this accords with the philosophy of bottom-up de-
sign in the Atomic Chain Electronics Project. Dur-
ing the last several years, many experiments have 
been reported on nanotube devices, but some results 
cannot be explained at all with conventional theory. 
In this work, Ames researchers challenged one such 
mystery and clarified it for the first time.

In 1997, Professor Zettlʼs group, at the University 
of California at Berkeley, observed two different 
current-voltage (I-V) characteristics for a nanotube 
using a scanning tunneling microscope (STM) tip 
electrode. In figure 1(a), the current can flow in both 
bias directions (type-I), but in figure 1(b), it can 
flow only in one bias direction (type-II). What is 
surprising is that Zettlʼs group used exactly the same 
experimental setup with the same nanotube, and 
once observed figure 1(a), and at a different time 
figure 1(b). This has been a mystery for a few years 
in the science community.

Ames proposed a new theory to explain it in FY01. 
It is argued that the observed I-V characteristics 
were a result of the contact properties between the 
semiconducting nanotube and the metallic STM 
electrode, and not of the intrinsic nanotube elec-
tronic properties. There are two possible contact 
modes: a vacuum-gap mode (left) and a touching 
mode (right) as shown in figure 1(c). With a vac-
uum-gap mode, the current can flow in both bias po-
larities. When the bias applied to the STM electrode 
is negative (V < 0), the energy band is as shown in 
figure 1(d), and the electrons can tunnel from the 
right to the left through an extremely thin vacuum 
barrier (barrier thickness not to scale). In figure 1(e), 
V = 0 and the electrons cannot flow. In figure 1(f), 
V > 0 and the electrons can tunnel from the left to 
right. With a touching contact, the current can flow 
only when V < 0 (Schottky forward), where the 
electrons see little barrier as in figure 1(g). In figure 
1(h), V = 0 and the electrons cannot flow. In figure 
1(i), V > 0, but because of the barrier at the nano-
tube-electrode contact, the electron flow is blocked, 
resulting in no current (Schottky reverse). Ames 
researchers performed a quantitative study based on 
this view, and recovered all the essential features of 
the experiment successfully. 
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In electronic applications, all devices must be con-
nected to the electrodes, and then to the lines to 
carry electronic signals. According to our results, 
the device characteristics are often changed because 
of the electrode contact, which is not the case in 
the silicon transistor technology. This is one of the 
features of nanoelectronics, indicating that we need 
to design nanodevices taking into account these 
electrode effects.

Point of Contact: T. Yamada
(650) 604-4333
yamada@nas.nasa.gov
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Fig. 1. Nanotube-STM electrode with two different contact 
modes: (a) type-I and (b) type-II I-V patterns; (c) schematic 
showing the vacuum gap (left) and touching (right) modes. Parts 
(d) to (i) are band structures for operation points in the I-V pat-
terns: (d) valence band tunneling (V < 0), (e) equilibrium 
(V = 0), (f) conduction-band tunneling (V > 0), (g) Schottky 
forward (V < 0), (h) equilibrium (V = 0), and (i) Schottky reverse 
(V > 0), where the STM is grounded.
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Fig. 1. A semi-classic view of electron flow along a metallic car-
bon nanotube. The x-axis is position (x) along the wire and the 
y-axis is energy (E). Each rectangular box represents the energy-
versus-wave vector at different spatial locations, in the semi-
classic spirit. The black “crossing” and the green lines are called 
the crossing and noncrossing modes, respectively. An electron 
injected in the crossing mode (solid circle) is always transmitted 
to the right for applied voltages smaller than approximately 3 V. In 
contrast, an electron injected in the noncrossing mode can either 
be Bragg-reflected (does not carry current) or it can Zener tunnel 
to the right-hand side (carries current).

Current Carrying Capacity of Carbon Nanotubes
M. P. Anantram

Carbon nanotubes (CNTs) are molecular wires that 
are made up of carbon atoms arranged in a hexagonal 
pattern on the circumference of the wire. Typical 
diameters of CNTs range from six to tens of ang-
stroms and CNTs can be many microns long. CNTs 
are considered a primary candidate for molecular 
electronics because they can electrically be either 
metals or semiconductors, which are, along with 
oxides, the building blocks of modern electronics. 
The primary property of a good metallic wire is 
high electrical conductivity/conductance at both 
small and large biases. Typical mechanisms that 
degrade conductivity involve scattering of electrons 
that have defects and phonons. This work deals with 
modeling of the maximum current-carrying capac-
ity of ideal CNT molecular wires, at various applied 
voltages, in the absence of defects and phonons.

At small applied voltages, electrons are injected 
only into two modes (also referred to as sub-bands) 
of the metallic CNT wire. After a critical voltage, 
which is approximately equal to ΔENC/2e (e is 
the electron charge), electrons can be injected into 
higher lying modes (see figure 1). Further, ΔENC 
and hence the applied voltage at which electrons 
are injected into the higher lying modes is inversely 
proportional to the CNT diameter. For example at an 
applied voltage of 2 volts (V), electrons are injected 
in 4 and 20 modes in nanotubes with diameters of 
15 and 60 angstroms, respectively.

NASA researchers model electron flow through a 
nanotube connected to ideal contacts without any 
barriers, using the Landauer-Buttiker approach. In 
the presence of an applied bias, the potential drops 
across the nanotube. The potential drop is mod-
eled phenomenologically using a realistic func-
tional. Figure 2 shows the current as a function of 
the applied bias for nanotubes with diameters that 

vary from 7.5 to 30 angstroms. Researchers find 
that for small-diameter nanotubes, the current in-
creases linearly with applied bias until about 3 V, 
and that the increase of current with further increase 
in applied bias is insignificant. As the diameter 
increases, the increase of current is small, signi-
fying that the noncrossing modes (green lines of 
figure 1) do not significantly enhance current with 
increase in applied voltage. The microscopic reason 
for this phenomenon is Bragg reflection of elec-
trons incident in the noncrossing modes, which is 
also explained in figure 1. The solid black lines are 
the crossing modes and the green lines are the non-
crossing modes at an energy ΔENC/2 away from the 
band center.
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Figure 1 illustrates that electrons incident in the 
crossing sub-band can be transmitted to the right. 
But electrons incident in the noncrossing mode can 
either be Bragg-reflected at the band edge (dotted 
line) or can Zener tunnel to the noncrossing mode 
on the right-hand side (dashed line). The probability 
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Fig. 2. Current versus applied voltage for three different diam-
eters of carbon nanotubes (shown in the legend).

for Zener tunneling depends on the diameter of the 
nanotube, because the barrier height for Zener tunnel-
ing is of the order of ΔENC. As ΔENC decreases 
with increase in the nanotube diameter, the contri-
bution to current owing to Zener tunneling increases 
with increase in the nanotube diameter. This is the 
reason for the slow increase in current as the nano-
tube diameter increases in figure 2, at the larger ap-
plied voltages.

Small-diameter metallic single-wall carbon nano-
tubes carry almost the same current as larger-
diameter single-wall carbon nanotubes, even at 
applied biases where electrons are injected into 
many modes. The main insight gained in this mod-
eling study is that Bragg reflection of electrons is 
the primary reason for limited current flow in an 
ideal case without electron-phonon interaction. Ze-
ner tunneling can enhance current flow in the case 
of large diameter CNT.

Point of Contact: M. P. Anantram
(650) 604-1852
anant@nas.nasa.gov

Protein Nanotechnology
Jonathan Trent, Andrew McMillan, Chad Paavola

In support of NASA̓ s efforts to make its missions 
more and more successful, there is a growing need 
for smaller, stronger, and “smarter” scientific probes 
that will be compatible with space exploration appli-
cations. The necessary breakthroughs in this area 
may well be achieved in the revolutionary field of 
nanotechnology. This is technology on the scale 
of molecules, which holds the promise of creating 
devices smaller and more efficient than anything 
currently available. Although a great deal of ex-
citing research is developing around carbon-nano-
tube-based nanotechnology, investigators at Ames 
Research Center are also exploring biologically 
inspired nanotechnology.

 The biological “unit,” the living cell, may be con-
sidered the ultimate nano-scale device. Cells, which 
are constructed of nano-scale components, are 
extremely sensitive, highly efficient environmental 
sensors capable of rapid self-assembly, flawless 
self-repair, and adaptive self-improvement; not to 
mention their potential for nearly unlimited self-
replication. Ames is focusing on proteins, a major 
component of all cells, which are capable of self-as-
sembling into highly ordered structures. A protein 
known as HSP60, currently being studied, spontane-
ously forms nano-scale ring structures (figure 1(A), 
end view; 1(B), side view), which can be induced to 
form chains (figure 1(C)) or filaments (figure 1(D)). 
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a protein incapable of organizing into filaments; 
however, it possesses the ability to crystallize in two 
dimensions in a highly ordered hexagonally packed 
array (figure 1(E)). This ordered array is being used 
to direct deposition of metals by templating. This 
process takes advantage of both the propensity of 
the modified subunit to self-assemble into a highly 
ordered array and the ability to site-specifically 
functionalize the protein. Using this approach, spec-
ificity for metals can be engineered into the protein 
that will subsequently localize the metals at defined 
intervals along the protein and hence into an ordered 
array (figure 2). A simple removal of the protein 
leaves the ordered array of metal on the substrate 
with nanometer scale feature resolution.

Fig. 2. Mutant forms of HSP60 possess genetically engineered 
chemical reactivity at specific sites on the rings (A), green dots. 
These rings are crystallized (A) in two dimensions forming a 
highly ordered template. The template is applied to the surface 
of a substrate (B), and metals are bound that specifically attach 
to defined sites throughout the crystal (C). Finally, the template 
is removed (C), and the ordered array remains bound to the 
substrate.

By using thermostable HSP60s, highly efficient 
methods have been developed for purifying large 
quantities of these proteins, and by using the “tools” 
of molecular biology, their composition and structure-
forming capabilities are being currently modified. 

Recently, progress has been made in evolving the 
HSP60 into a structural subunit that can be ma-
nipulated in such a way as to make it utilizable in 
the formation of ordered arrays. Ordered arrays of 
metals are of interest in the semiconductor engi-
neering community for the fabrication of devices 
that can be addressed and further assembled into 
logical circuits. To this end, a portion of the wild-
type HSP60 subunit identified as contributing to 
the formation of filaments, or end-on structures, 
has been removed at the genetic level. The removal 
of this region of DNA directs the expression of 

Fig. 1. Protein rings (A) end view, and (B) side view, chains of 
rings (C), and bundles of chains (D) that can be used in nano-
technology and two-dimensional crystals (E) of mutated rings 
used for metal array formation.

Point of Contact: J. Trent
(650) 604-3686
Jonathan.D.Trent@nasa.gov
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Nanostructured Skin Effect: Anisotropic Plasticity of Boron-
Nitride Nanotubes
Deepak Srivastava

Nanotubes are sheets of single atomic layers rolled 
up into tubular or cylindrical structures. Among 
newly discovered nanoscale or nanostructured ma-
terials, nanotubes have been the subject of intense 
theoretical and experimental investigations because 
of their unusual strength, stiffness, electronic, chem-
ical, and thermal properties. Carbon nanotubes, 
which were discovered first, have possible applica-
tions in lightweight high-strength composite ma-
terials, molecular electronic devices, chemical and 
gas sensors, gas and energy storage systems, and 
flat-panel displays. Nanotubes of other materials 
such as boron-nitride (BN) also have been made; 
they have similar strength and stiffness but different 
electrical, chemical, and thermal properties. Whereas 
initial work just looked at the electronic properties 
of BN nanotubes, Ames researchers and others have 
recently started to look at the structural and mechan-
ical properties of BN nanotubes.

Working with researchers from the University of 
Kentucky and Stanford University, it was found 
that the strength and stiffness (for strains within the 
elastic limit) of BN nanotubes are comparable to 
those of their carbon counterpart. Youngʼs modulus 
of a single-wall BN nanotube is within 80% of that 
of similar carbon nanotubes (~1 terapascal). Two 
significant differences, leading to very different 
nanomechanical properties of BN nanotubes, were 
discovered. First B-B and N-N bonds in a BN nano-
tube are mechanically unstable (bond-frustration 
effect), and second, each B-N bond is slightly ro-
tated so that the N atom is nearer to the surface than 
the B atom (bond-rotation effect as shown in figure 
1). Based on the first discovery, it was predicted that 
odd-number ring defects (such as pentagons and 
heptagons) in a hexagonal lattice of a BN nanotube 
are unstable, and thus zig-zag nanotubes would 

predominate in the synthesized material. This 
has been recently verified in experiments done in 
Europe and Japan.

Based on the second discovery, the bond-rotation ef-
fect, it was surmised that BN nanotubes should be-
have anisotropically when compressed or stretched 
with large strains. By isotropically compressing BN 
nanotubes in quantum molecular dynamics simu-
lations, it was found that BN nanotubes plastically 
buckle in a completely anisotropic manner. For 
example, in figure 2, a BN nanotube has collapsed 

Fig. 1. The rotated B-N bond on a BN nanotube surface is shown 
in comparison with the non-rotated C-C bond on a carbon nano-
tube surface.
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only toward one end when isotropically compressed 
at both ends. The anisotropic plastic collapse in the 
material is driven by the preferential strain release 
toward N as the leading edge of a rotated B-N bond 
in the zigzag nanotube.

These findings show not only that BN nanotubes 
may be useful as reinforcing fibers in ultralight 
and strong composite materials, but also that they 
add a functionality in the sense that BN nanotube 
composite material will exhibit a nano-structured 
“skin-effect.” This means that if such a material is 
exposed to large compressive strains in shock condi-
tions, the axial strain-induced damage will be intrin-
sically transferred toward the outer “skin” surface 
of the material while keeping the inner core intact. 
Practical uses of such a functional or “smart” com-
posite material, if developed, will be in the trans-
portation, aerospace, defense, and armor industries. 
Under collision-induced shock conditions, in these 
applications, the coating of such a material may not 
have time to develop long wavelength instabilities, 
the excess strain will be released towards the “skin” 
or surface side, and the inner core will be protected 
against the damage.

Point of Contact: D. Srivastava 
(650) 604-3486
deepak@nas.nasa.gov

Fig. 2. A quantum molecular dynamics sequence of the aniso-
tropic plastic collapse of a BN nanotube. All the damage has 
been transferred to one end of the tube that was isotropically 
compressed at both ends.
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Fig. 1. Time evolution of a cross section of the far-field intensity; 
the x-axis shows the far-field angle (theta-X). 

Ultrafast Modulation of Coupled Surface-Emitting Lasers
Cun-Zheng Ning, Peter Goorjian

Vertical-cavity surface-emitting lasers (VCSELs) 
are lasers made of semiconductors such as gal-
lium-arsenide that emit laser light vertically to the 
semiconductor wafer surface. These are the small-
est lasers ever made, smaller than the thickness of 
a human hair. VCSELs are extremely useful for a 
number of commercial applications such as data 
communication and bio-detection. Their small size 
and intrinsic radiation resistance also make them 
very attractive for future space missions.

One of the critical parameters that determine the ap-
plication of VCSELs is the speed at which the light 
intensity can be easily altered or modulated. There 
is, however, a fundamental physical limit to such 
modulation speed when the traditional modulation 
approach is used. Because of that limit, which is a 
result of the relatively long electron-hole lifetime in 
a typical semiconductor, further increases in modu-
lation speed require novel approaches. In the past, 
Ames researchers have proposed up to a terahertz 
(THz) (trillion cycles per second) or 1012 Hz modu-
lation using a fast-alternating electrical field to heat 
the electrons in semiconductors. This approach has 
the potential of achieving a very high speed, but the 
required terahertz field intensity and the scarce avail-
ability of terahertz sources make this approach dif-
ficult to implement at the present. As a more realistic 
alternative, Ames researchers have recently studied 
the possibility of achieving high-speed modulation 
through coupling of two or more VCSELs.

The idea works as follows: In a single VCSEL, 
the modulation speed is dictated by the interaction 
of the laser field and the electrons in the semicon-
ductor. If two or more VCSELs are put close to each 
other, inter-laser interaction occurs. As a result, the 
laser field can predominantly concentrate on one of 
the two lasers. Since the two lasers are identical and 
the laser intensity is equally likely to appear in ei-
ther of the two lasers, the laser intensity spot oscil-
lates between the two. The frequency at which this 

oscillation occurs is now determined by the inter-
VCSEL coupling, rather than by the coupling 
between the laser field and electrons. This is why 
this modulation can avoid the typical speed bot-
tleneck caused by the long electron-hole lifetime.

Ames researchers have implemented this idea in an 
extensive computer simulation using a computer 
code developed earlier. The simulation results show 
that this coupled VCSEL scheme can provide mod-
ulation speeds up to 40 gigahertz (billion hertz). 
Furthermore, the scheme can also be used as a beam 
switch. As demonstrated in figure 1, the coupled 
VCSELs can switch a laser beam in two directions 
separated by about 8 degrees. An additional ad-
vantage of the scheme is that both the far-field and 
the near-field show circular beam shapes, which is a 
desired property for many applications.

Point of Contact: Cun-Zheng Ning
(650) 604-3983
cning@nas.nasa.gov
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Expanding the Envelope for Shared Memory 
High-Performance Computing
James Taft

For several years, Ames Research Center has been 
pursuing the development of the largest shared-
memory computing systems in the world. Extensive 
Ames experience on shared-memory systems con-
sisting of 128, 256, and 512 central processing units 
(CPUs) has shown that mission-critical production 
applications can be ported to, and optimized for, 
these types of systems years faster than cluster-
based alternatives. Furthermore, these applications 
typically sustain higher percentages of the peak per-
formance of the systems as well.

In the past year the NASA push to extend the size 
of shared-memory systems has culminated in the 
development of a 1,024 CPU Origin 3000 shared-
memory High-Performance Computing (HPC) sys-
tem (figure 1). This effort was a joint development 
between Ames and Silicon Graphics, Inc. (SGI). 
The SGI team focused its efforts on hardware and 
system software issues; the Ames work was focused 
on application porting and on extending NASA-
developed scalable parallelization methods. A 
secondary task was to develop and refine the 
administrative software and tools needed to es-
tablish a practical production-quality system for a 
diverse base of users.

The porting effort relied heavily on the utilization 
of the Ames-developed Multi-Level Parallel (MLP) 
approach to shared-memory parallelism, a greatly 
simplified and highly scalable alternative to the 
classic message-based MPI technique. This tech-
nique, coupled to the shared-memory architecture, 
has allowed all MLP converted production codes to 
scale to levels never before achieved. The result of 
this latest effort has been the successful 1,024 CPU 
port of mission critical applications in computa-
tional fluid dynamics (OVERFLOW-MLP), climate 

modeling (FVCCM3-MLP), and earth science data 
assimilation (DAS-MLP) representing over 500,000 
lines of code. All conversion and optimization was 
completed in less than 1 year.

One of the major effects of the NASA – SGI ef-
fort has been the accelerated development of large 
shared-memory systems not present in any vendorʼs 
product plan. NASA̓ s leadership in this area has 
had significant benefit to the HPC community as 
a whole, as test-bed systems originally developed 
at Ames have been produced by SGI and sold into 
other HPC sites.

Fig. 1. The NASA Ames 1,024 CPU Origin 3000 system (Chapman).
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Fig. 1. A subject attempting to superimpose virtual and real 
objects.

Using Electromyography to Predict Head Motion for Virtual 
Reality Applications
Yair Barniv

The objective of this research is to use neck and 
shoulder electromyograms (EMGs) to predict head 
movements in immersive virtual environments (VEs) 
in order to minimize the time lags in updating the 
visual scene that can cause disorientation and simu-
lation sickness. Visual update delays are a critical 
technical obstacle to implementing head-mounted 
displays in a wide variety of applications—from 
training simulations and mission rehearsal to tele-
operation and telemedicine. These applications 
require a perceptually veridical mapping between 
actual head position and virtual spatial position 
in the synthetic environment. Figure 1 shows an 
example of a subject attempting to superimpose 
virtual and real objects where the virtual visual 
environment appears to “swim” around when head 
movements are translated slowly into visual up-
dates. These latencies are mostly a result of delays 
in sensing head motion with inertial sensors (ac-
celerometers and rate gyros). EMG signals from 
muscles precede force exertion and, therefore, limb 
or head accelerations by about 30 milliseconds. 
We expect to gain a comparable reduction in head 

position update time by using EMG in the VE stabi-
lization loop instead of or in addition to inertial sen-
sors. We evaluated the pattern of EMG activities in 
the approximately 30 muscles involved in head mo-
tion with a set of up to 32 electrodes placed around 
the neck (as shown in figure 2) rather than attempt-
ing to isolate the effect of each muscle separately.
A solution of this many-to-six (32 EMG signals to 

The Ames strategic acceleration of shared-memory 
HPC systems has been highly successful and has 
fundamentally changed the way HPC is done at 
NASA. The OVERFLOW-MLP code executes 
problems at nearly 40 times the best performance on 
the recently retired 16 CPU Cray C90 system. The 
DAS system from the Data Assimilation office 
executes production calculations 10 times faster 
than ever before on any system, and with just 9 
months work. The FVCCM3 climate model 
executes almost 15 times faster.

During this effort Ames has actively encouraged all 
vendors to expand the envelope of shared-memory 
computing, and is actively working to establish mem-
oranda of understanding with the major players to 
fully test this alternative to the clustered-computing 
approach. All vendors have expressed interest, and 
work is under way to examine the possible next 
steps in this pursuit.

Point of Contact: J. Taft
(650) 604-0704
jtaft@nas.nasa.gov
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six inertial linear and angular accelerations) real-
time pattern-recognition problem could reduce or 
eliminate the latencies encountered in current VE 
applications, making this technology more feasible, 
especially for see-through applications. In support 
of this goal, we established an EMG laboratory 
where data from both EMG and inertial sensors 
were collected to predict head movements in vir-
tual environments and to minimize update delays. 
Data from five human subjects have been collected 
thus far. Data analysis supported the prediction that 
EMG signals precede inertial measurements by 20 
to 30 milliseconds. As an initial step, we have de-
veloped a neural network pattern-recognition algo-
rithm that accepts current inertial data and predicts 
future angular velocity for a single angular velocity 
component.

Point of Contact: Yair Barniv
(650) 604-5451
Yair.Barniv-1@nasa.gov

Fig. 2. The placement of electrodes on neck of subject is used for 
registering neck muscle EMG activity.

A Real-Time System for Unobtrusive Gaze Tracking
Jeffrey B. Mulligan

An efficient method was demonstrated for estimating 
operator gaze (a product of eye and head position) 
in real time without constraining the operators  ̓
head movements or requiring them to wear uncom-
fortable equipment. Gaze-tracking is an important 
approach for unobtrusive performance monitoring 
in assessing the functional utility of complex dis-
play configurations, such as those used to display air 
traffic. Unfortunately, accurate gaze measurement 
usually requires either rigid positioning of the 
operatorʼs head to allow a fixed camera to acquire 
a highly magnified image of the eye; or the use of a 
head-mounted camera system so that the eye image 
will not be lost when the operator makes small head 
movements. The latter approach is able to produce 
good data for someone seated naturally at a work-

station but suffers from several drawbacks. In order 
to prevent slippage (and the consequent loss of cal-
ibration), the head mount must be mounted on the 
head so tightly that it is uncomfortable for extended 
use. There is always some obstruction of the field 
of view and it is not clear whether the operatorʼs 
behavior will be completely natural when a bulky 
apparatus is attached to the head.

For these reasons, we have been developing a sys-
tem that employs a steerable camera that can follow 
the movements of a userʼs head while maintaining a 
magnified image of one eye. To accomplish this, it 
was necessary to address the problem of keeping the 
eyeʼs image centered within the image in real time 
to aid with steering. In the past, we had assumed 
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Fig. 1. Schematic of apparatus with representative images: at the center of the figure, the subject's head and the three cameras are 
shown as seen from above. To the left and right are shown example images from the right and left wide-field face cameras. The pupil 
locations determined from the face camera images are used to control a narrow-field eye camera; the image from this camera (bottom) 
is used for gaze tracking.

that measurements of pupil position would be 
processed off-line to determine gaze. The current 
system uses a pair of wide-field cameras and an 
illumination method first developed at the IBM 
Almaden Research Center to allow real-time lo-
calization of the pupils. The two cameras form 
a stereo pair that should allow recovery of the 
three-dimensional locations of the eyes, at least in 
principle. This allows, in turn, computation of the 
required steering control parameters (figure 1). 

It had been assumed that all of these calculations 
would require careful spatial calibration of the 
cameras. However, a camera-control method was 
developed that eliminates the need for precise cali-

bration of the camera geometry. This was possible 
because it was unnecessary to recover the full three-
dimensional position of the eye; it was sufficient to 
send only the pan and tilt parameters to the camera 
control unit. Although the functional relationships 
among the measurements and required settings 
could be determined, given complete knowledge 
of the camera geometry, they would be sensitive 
to small errors in measurement of the camera posi-
tions and orientations. Thus, a method that required 
no knowledge of these parameters was needed. A 
small laser pointer was mounted on the body of the 
steerable camera. It was aimed along the cameraʼs 
line of sight and shone upon a screen placed at 
various positions in the volume of space within 
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Kinesthetic Compensation for Rotational Misalignment of 
Cameras Used for Teleoperation
Stephen R. Ellis, Bernard D. Adelstein, Robert B. Welch

Kinesthetic feedback was shown to significantly 
improve the accuracy of teleoperations subject to 
rotational misalignments between the image source 
and the operator, even without explicit training. 
Rotational misalignments are often encountered in 
teleoperations and telerobotics when a remote im-
age sensor (usually a camera) is oriented so that 
the resulting display coordinates are rotated with 
respect to the coordinates in which the user is 
operating. In the past, users have had to learn to 
compensate for this misalignment through practice, 
camera adjustment, or the use of multiple camera 
images. A new compensation technique is proposed 
in which the hand not used for control is utilized to 
provide a kinesthetic cue to the camera orientation. 
This cue greatly reduces the difficulty operators 
have had in compensating for control-display mis-
alignment. The cueing hand, which is positioned to 
copy the attitude of the viewing camera, provides a 
kinesthetic reference for the movement of the other 
hand, which controls the teleoperated system. This 
enables users to make control movements relative 

to their kinesthetic sense of the orientation of their 
own (cueing) hand.

Experimental testing with single-axis rotations was 
conducted to demonstrate the feasibility of this 
technique. Operators were required to make small 
(~2-3-centimeter) radial hand movements con-
trolling a computer-displayed cursor under condi-
tions of rotational misalignment with and without 
kinesthetic cues. Performance was measured by the 
length of the movement path normalized to the path 
length each operator was able to achieve without 
misalignment. Even without explicit training, this 
kinesthetic cue reduced control inaccuracy asso-
ciated with some rotational misalignments by as 
much as 64% (figure 1). Although the kinesthetic 
cue clearly improved the accuracy of large move-
ments, its benefit for small movements was particu-
larly important, for these are more typical in the 
control of NASA robot manipulators, such as the 
Orbiter Remote Manipulation System. Extension 
of the technique to multi-axis rotations is currently 
under way.

which the userʼs head would be tracked. The wide-
field cameras image the entire space and can easily 
detect the small spot made by the laser beam. The 
pan and tilt positions corresponding to many posi-
tions of the spot within each of the wide-field images 
were obtained to generate a table of values relating 
pan and tilt settings to the corresponding measure-
ments for the wide-field cameras. A variety of meth-
ods were used to generate pan and tilt settings for 
arbitrary measurement values based on this training 
set, and it was found that a simple quadratic function 
was sufficient to produce pan and tilt values accurate 
to within one or two pixels.

This preliminary work employed a commercial 
pan-tilt camera designed for teleconferencing ap-
plications. Since the mechanism was too slow to 
follow the fastest natural head movements, work is 
under way to replace this component with a minia-
ture camera whose line of sight is steered by a pair 
of galvanometer mirrors capable of much higher 
speeds.

Point of Contact: J. Mulligan
(650) 604-3745
Jeffrey.B.Mulligan@nasa.gov
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Fig. 1. Sample data from two subjects showing movement paths from a central starting point to eight radially located targets. Each col-
ored path represents a separate movement. The left panel shows the typical curved movement path produced as a user tries to compensate 
for a misaligned virtual camera. The right panel shows that the curved compensation is largely eliminated by the kinesthetic cue.
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Point of Contact: S. Ellis
(650) 604-6147
Stephen.R.Ellis@nasa.gov
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Scientists in NASA̓ s Space Science En ter prise seek 
to answer fundamental ques tions about the origin 
and evolution of life and celestial objects (planets, 
plan e tary systems, stars, galaxies, etc.) in the uni-
 verse. These questions are cen tral to both the new 
NASA vision for the future: “To improve life here, 
To extend life to there, To fi nd life be yond,” and the 
new NASA mission: “To un der stand and protect our 
home plan et, To explore the Universe and search for 
life, To inspire the next gen er a tion of explorers ... as 
only NASA can,” as articulated by NASA Admin -
istrator Sean OʼKeefe.

Research at Ames Research Center (ARC) im ple -
ments NASA and Space Science Enterprise goals 
through fi ve el e ments deal ing with Astrophysics, 
Planetary Sys tems, Ex o bi ol o gy, Space Technol-
ogy, and Ad vanced Com put er Sci ence Applications. 
Since a unifying theme for these elements is the ori-
gin and evo lu tion of stars, planets, and life, the total 
re search effort is a major thrust of the Space Science 
Enterpriseʼs Astrobiology program. As tro phys ics 
re search addresses Enterprise goals and objectives 
that deal with understanding how the structure in 
the Uni verse emerged, the dynamical evolution of 
gal ax ies and stars, and the exchange of matter and 
energy among stars and the interstellar medium. 
Planetary Systems research addresses 
Enterprise goals and objectives that deal with un-
 der stand ing star for ma tion, the evolution and dis tri -
bu tion of volatile and organic material, the origin 
and distribution of plan e tary systems, rings, and 
prim i tive bodies, and plan e tary atmosphere evo-
 lu tion. Exobiology research addresses En ter prise 
goals and objectives that deal with un der stand ing 
the origin, evolution, and dis tri bu tion of life by con-
 duct ing research on the cosmic history of biogenic 
com pounds, prebiotic evolution, the early evolution 
of life, computational as tro bi ol o gy, and extreme 
en vi ron ments in which living or gan isms can exist. 

Lake Licancabur, the highest lake on Earth, which is located 
at the summit of Licancabur volcano (6,017 meters) at the 
boundary of Chile and Bolivia.

O v e r  v i e w
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Space Technology efforts address Enterprise goals 
and objectives that deal with the development of 
ad vanced technologies to enable future astrophysics 
missions, as well as robotic and human Solar Sys-
 tem exploration missions. Finally, Advanced 
Computer Science Ap pli ca tions address Enterprise 
goals and ob jec tives that deal with op ti miz ing solar 
system ex plo ra tion mis sions and their sci ence 
return.

Ames is recognized as a world leader in As tro -
bi ol o gy, the study of life in the universe and the 
chem i cal and physical forces and adaptations that 
in fl u ence lifeʼs origin, evolution, and destiny. In 
pur su ing our primary mission in As tro bi ol o gy, Ames 
performs pioneering basic research and tech nol o gy 
de vel op ment to further fundamental knowl edge 
about the origin, evolution, and dis tri bu tion of life 
within the context of cosmic pro cess es. For 
example, research and tech nol o gy development are 
currently con duct ed to:

• Study the mechanisms of the origin, evo lu tion, 
and distribution of life in the universe;

• Determine the abundance and distribution of the 
biogenic compounds that are conducive to the 
origin of life;

• Identify locations on bodies within our solar sys-
 tem where conditions conducive to life exist or 
have existed;

• Explore the other bodies (planets, comets, as ter -
oids) of our solar system;

• Locate planets and planet-forming regions around 
other stars;

• Study extrasolar matter such as interstellar gas and 
dust.

A s t r o p h y s i c s
As NASA̓ s lead in airborne astronomy, scientists 
at ARC pioneered the fi eld of astrophysics. Study 
top ics range from star forming regions and pro-
 cess es to interstellar photochemistry to protoplane-
tary disks. Understanding cos mic processes—the 
evolution of the universe itself—is a vital part of the 
Origins initiative.

Ames  ̓astronomers and astrophysicists utilize a 
wide variety of methods. Ground-based telescopes 

such as the Keck and Mount Lemmon Observatories 
are regularly employed for observations of ce les tial 
objects and processes. Development con tin ues on 
the Stratospheric Observatory for In fra red Astron-
omy (SOFIA), an infrared tele scope to be car ried 
aboard a Boeing 747 aircraft specially mod i fi ed for 
the task. Space-based observations are also made 
through instruments such as the Hubble Space 
Tele scope (HST) and other observatories and mis-
 sions. Computer modeling and laboratory an a logs of 
chem i cal processes enhance the ob ser va tion al 
astronomy performed, as discussed in the ac com -
plish ments in astrophysics which follow:

• Successful modeling of the observed color in 
icy planetary satellites using mixtures of ice and 
com plex organic materials which sheds light on 
pre b i ot ic organic chemical processes;

• Development of a cryogenic multiplexer for far 
infrared photoconductor detectors operating at 
mod er ate backgrounds for instruments for a new 
gen er a tion of large telescopes such as SOFIA;

• Provided support for the concept that Deuterium 
enrichment in meteorites indicates that organic 
spe cies made in the ISM can survive the transition 
from a dense cloud through infall onto a planetary 
surface.

P l a n e t a r y  S y s t e m s
Scientists in the Space Science Enterprise are in-
 ter est ed in how and where in the universe planets 
form, and the geophysical, geochemical, and at-
 mo spher ic processes that have occurred over the 
life time of a planet. Further, un der stand ing the dy-
 nam ics between planetary processes and the or i gin 
and evolution of life will help us understand the 
dis tri bu tion of life in the universe. A wide variety of 
accomplishments in planetary systems are high-
 light ed here:

• Development of new models for clouds in brown 
dwarf atmospheres which produce spectra that are 
a better fi t with ob ser va tions and account for 
effects of sed i men ta tion of cloud particles, es sen -
tial ly rainfall;

• Successful modeling of the thermal prop er ties of 
dust grains on several solar system comets which 
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has led to a better un der stand ing of the ther mal 
processing, radial transport, and structure of pro-
toplanetary accretion disks;

• Determination that the Jovian atmosphere is stat-
 i cal ly stable to a depth corresponding to about 
20 bars pressure with implications for tidal energy 
dissipation, banded struc ture, and mode of trans-
 port of internal heat fl ux.

E x o b i o l o g y
Ames  ̓Exobiology program is a key element of 
NASA̓ s Astrobiology Initiative and Ames serves 
as NASA̓ s lead center in exobiology. The research 
in exo biology ranges from studying the mech a nisms 
of the origin of living systems, to the pro cess es gov-
erning the evolution of life, and to the dis tri bu tion 
of life on other planets. When coupled with Ames  ̓
pioneering research on the dynamics of gal ax ies, 
molecular gases and clouds, planetary sys tems, and 
the solar system, our study of life is fa cil i tat ed by 
understanding the cosmic environment with in which 
life originates and evolves.

Molecules of exobiological signifi cance are ubiq-
 ui tous in the universe. It is important to understand 
the sources and interactions of these building blocks 
and how living systems emerge from prebiotic 
molecular chaos. This section of the report high-
 lights a wide variety of accomplishments in 
exobiology:

• Determination that modern descendants of ancient 
microbial mats can be used to study dif fer enc es 
in aerobic versus anaerobic communities which 
can in turn be used to determine if the bio sphere 
passed through an earlier stage where its pho to -
syn thet ic populations depended upon nonbiolog-
ical sources for reducing power;

• Analysis of the suite of organic compounds in the 
well preserved Tagish Lake meteorite that dem on -
strates the presence of distinct or gan ic syn thet ic 
processes in primitive meteorites and implies that 
there may have been multiple, sep a rate evo lu -
tion ary pathways for organic matter;

• Development of interactive com pu ta tion al tools 
for biologists to build regulatory models using 
microarray data to measure gene ac tiv i ty in terms 
of RNA expression levels in an organism.

S p a c e  T e c h n o l o g y
To support the Space Science Enterprise in con-
 duct ing future space science and exploration mis-
sions, Ames scientists and engineers develop and 
validate technologies and instruments, de vel op cal-
culation-based and modeling algorithms, and refi ne 
an a lyt i cal methods. An accomplishment in space 
tech nol o gy follows:

 • Testing both near-infrared and mid-infrared can-
 di date detector arrays for NGST in simulated 
on-orbit radiation en vi ron ments and then feeding 
the information back into the manufacturing pro-
 cess in order to minimize radiation damage.

A d v a n c e d  C o m p u t e r  S c i e n c e  
A p p l i c a t i o n s
Ames scientists provide leadership in Information 
Sciences for NASA by conducting world-class com-
 pu ta tion al sciences research, developing and dem-
 on strat ing innovative technologies, and transferring 
these new capabilities for utilization in support of 
Space Science Enterprise missions.  Emphasis is 
placed on enabling a new era of autonomous space-
 craft and autonomous robotic exploration and on 
extending human capacity through novel utilization 
of human/computer interactions and data analysis. 
Highlighted in this section are ac com plish ments in 
advanced computer science applications:

• Demonstration in the K9 planetary ex plo ra tion 
rover prototype of execution of a command 
sequence to autonomously carry out a number 
of sci ence ex plo ra tion activities in clud ing de ter -
min ing if spectrometer data indicated presence of 
car bon ates and collecting high res o lu tion images 
of a pri or i tized target;

• Release of a new version of ScienceOrganizer, a 
specialized knowledge management tool de signed 
to enhance the in for ma tion storage, organization, 
and access capabilities of dis trib ut ed NASA sci-
 ence teams;

• Release of version 2.0 of software tools that pro-
 vide high capability development and debugging 
tools that support model-based autonomy projects 
and can be used throughout the space craft design 
process.
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Organic Solids Color the Icy Bodies in the Outer So lar System
Dale P. Cruikshank, Bishun N. Khare

Many of the objects in the outer parts of the solar 
system (at Jupiter and beyond) have surfaces (and 
interiors) composed largely of ordinary water ice, 
which can be readily identifi ed by remote-sensing 
observations. These bodies include the large sat el -
lites of the giant planets, Jupiter through Neptune, 
the rings of Saturn, the comets, Pluto-Charon, and 
the objects that populate the Kuiper disk and the 
Oort cloud. None of these bodies can be sampled 
directly at the present time, and we rely upon re mote 
sensing to learn about their compositions and his-
 to ry of formation. The techniques of near-in fra red 
spec tros co py, accomplished with large tele scopes or 
by planetary probes, reveal the pres ence of water ice 
by showing characteristic ab sorp tion bands in the 
spectral region 1–5 micrometers (µm).

Whereas pure water ice is highly refl ective of the 
sunlight incident on solar-system bodies, and is neu-
 tral in color, all of the ice-rich objects have distinct 
color, and many are nearly black. The coloration of 
the ice in the short wavelength region, 0.2–1.0 µm, 
has been especially diffi cult to model quantitatively, 
because minerals, logical and nat u ral ly occurring 
contaminating materials, do not have the ap pro -
pri ate optical properties.

The observed color in icy planetary satellites has 
been modeled by using mixtures of ice and com-
plex organic materials. The organic material is 
syn the sized in the laboratory in experiments that 
ap prox i mate the conditions of formation of similar 
material in various environments in space, usually 
by ir ra di at ing a mixture of simple gases (methane 
and ni tro gen) or ices (water plus methanol, carbon 
dioxide, etc.) with ultraviolet light and charged par-
ticles from a plasma. The resulting brown-colored 
sub stance is termed “tholin,” and is struc tur al ly 

similar to some of the carbon-rich material found 
in car bon aceous meteorites. It is also similar in its 
optical properties to the organic-rich aerosol haze 
in the atmosphere of Saturnʼs satellite Titan (see 
fi gure 1).

Fig. 1. Tholin, this orange-brown material produced by exposing 
a mixture of nitrogen and methane gases to ultraviolet light and 
charged particles from a plasma discharge, has optical prop er -
ties similar to those of Saturn’s satellite, Rhea. Modeling studies 
of the spectra of Rhea and other icy bodies in the outer solar 
system suggest that tiny quantities of complex organic material 
of this kind occur as a contaminant on their surfaces. In addition, 
studies indicate that organic matter may arise from meteoric 
infall of interplanetary dust, or it may be produced in situ in the 
ice, by the infl uence of energetic particles in the space 
environment.
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A Cryogenic Multiplexer for Far-infrared Astronomy
Jessie L. Dotson, Edwin Erickson, Chris Mason

Specifi cally, the spectra of Saturnʼs icy satellites 
Rhea and Iapetus have been modeled, as well as 
the Uranus satellite Titania and the moon of Nep-
tune called Triton, by incorporating small amounts 
(<1%) of various organic solid materials in the 
sur face ices. All of these objects are key to un-
 der stand ing the origin of their respective satellite 
systems, the nature and time scale of geological ac-
tivity on them, and the space environments in which 
they have evolved. The occurrence of com plex 

organic ma te ri als in the surface ices of these bodies, 
spread through out the planetary system, tells us that 
the products of prebiotic organic chemical processes 
occur in di verse environments far beyond Earth, and 
they have  existed from the beginnings of the solar 
system to the present.

Point of Contact: D. Cruikshank
(650) 604-4244
Dale.P.Cruikshank@nasa.gov

The instruments for a new generation of large far-
infrared (FIR) telescopes, such as the Stratospheric 
Ob ser va to ry for Infrared Astronomy (SOFIA), will 
require detector arrays with small enough pixels 
(picture elements) to exploit the improved angular 
resolution and a suffi cient number of pixels to take 
advantage of the large fi elds of view.  In order to 
make the step to arrays with more pixels, suitable 
multiplexing am pli fi  ers, or multiplexers, must be 
developed. With this need in mind, Ames Research 
Center collaborated with personnel from Uni ver si ty 
of Ar i zo na and Raytheon Infrared Center for Ex cel -
lence to de vel op the SBRC 190, a cryogenic mul ti -
plex er for FIR photoconductor detectors op er at ing 
at mod er ate backgrounds. 

The circuit is based on the 32-channel CRC 696 
CMOS device used on the cryogenic Space Infrared 
Telescope Facility (SIRTF). For applications such 
as those encountered on SOFIA or Herschel (the 
FIR and submillimeter space observatory), the new 
 device permits higher backgrounds, a wider range of 
backgrounds, faster sampling, and syn chro ni za tion 
of sampling with chopping. Major design dif fer -
enc es relative to the CRC 696 that have been in cor -
po rat ed in the SBRC 190 include: an AC cou pled, 
capacitive feedback transimpedence unit cell to 

minimize input offset effects, thereby en abling low 
detector biases; selectable feedback ca pac i tors to 
enable operation over a wide range of back grounds; 
and clamp and sample and hold out put circuits to 
improve sampling effi ciency, which is a concern at 
the high readout rates required.

An end-to-end system suitable for testing the mul ti -
plex ers in conditions similar to their eventual 
applications has been developed. This includes a 
photo conductor detector array, test dewar, driv-
ing electronics, and the required software. The 
photo conductor array is composed of 2 rows of 24 
Ge:Sb detectors mounted in integrating cavities. 
Incoming radiation is coupled to the cavities by 
light-col lect ing cones. The liquid helium test dewar 
has room for the necessary optics and can achieve 
a range of  operating temperatures from 2.0 kelvin 
(K) to 4.2 K. The driving electronics provide the 
bias volt ag es and clock signals required to drive 
the mul ti plex ers. The electronics also contain 16 
an a log-to-digital converters to process the signals 
com ing out of the multiplexers. Software to control 
the driving elec tron ics, to receive the results, and to 
write them into a Flexible Image Transport System 
(FITS) fi le has been developed. Software to analyze 
the obtained data has also been developed.
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Testing is currently under way. Initial results imply 
that the multiplexers are suitable for use in FIR
instruments, but additional tests are necessary to 
fully examine their operation at faster rates and with 
nov el readout strategies.

Point of Contact: J. Dotson
(650) 604-2041
Jessie.L.Dotson@nasa.gov

Scientifi c Requirements of the NGST Mid-IR Instrument
Thomas Greene

The Next-Generation Space Telescope (NGST), 
which will be the successor of the Hubble Space 
Telescope, is scheduled for launch in 2008. NGST 
will make unprecedented discoveries in the realms 
of galaxy for ma tion, cosmology, stellar popula-
tions, star for ma tion, and planetary systems. NGST 
is  currently in the conceptual design phase of de-
 vel op ment, and Ames Research Center has been 
involved in de fi n ing the scientifi c in stru men ta tion 
it will need to conduct its observations. NGST will 
have three in stru ments: a near-infrared (NIR) camera 
(NIRCAM), a NIR spec trom e ter (NIRSPEC), and a 
mid-infrared in stru ment (MIRI).

MIRI will be the only NGST instrument built in a 
joint NASA/European Space Agency (ESA) collab-
oration. It must function as both a wide-fi eld camera 
and a moderately high resolution spec trograph over 
the wavelength range 5–28 microns (about 10–40 
times longer than visible to the human eye). Ames 
personnel have contributed to planning its scientifi c 
observations, developing its infrared detectors, and 
determining its scientifi c requirements.

The Mid-IR Steering Committee (MISC) was formed 
in FY01 to determine the detailed scientifi c re quire -
ments of MIRI and oversee its conceptual design. 
This international scientifi c committee in clud ed 
Ames representation. The MISC evaluated the MIRI 
scientifi c objectives and studied the in stru ment con-
 cept presented by the consortium of ESA states that 
will participate in MIRI de vel op ment (the United 

Kingdom, France, Germany, Italy, and the Neth er -
lands). The scientifi c objectives were trans lat ed into 
requirements for the instrument that were consistent 
with the MIRI instrument concept.

MIRI will consist of three optical subsystems, all 
employing refl ective optics. A common set of fore 
optics will relay images from the NGST telescope 
focal plane to the MIRI camera and spectrograph 
subsystems. The fore optics will also provide a 
com mon focus mechanism, while the camera and 
spectrograph subsystems each have their own ded i -
cat ed mirrors, fi eld masks, fi lters, and detectors. The 
camera module images a fi eld of 1.7 arc-min utes by 
1.7 arc-minutes onto a 1024 x 1024 pixel de tec tor. 
It includes a selection of fi lters and a coronagraphic 
mask that will allow suppressing the light of bright 
objects so that fainter ones close to them may be 
seen. This device will be used for search ing for 
plan ets around nearby stars. 

The spectrograph channel will take the light from 
every point in a small fi eld (4 arc-seconds by 4 
arc-seconds) and disperse it into a spectrum. The 
fi rst element is an integral fi eld unit that relays and 
 realigns the small fi eld into an image onto slits 
that are followed by optics and diffraction gratings 
that disperse the light. A multielement camera then 
 images the resultant spectra onto a dedicated in-
 fra red detector that is at least 1024 x 1024 pixels in 
size (pref er a bly larger).
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The MIRI subsystems will be built by ESA con trac -
tors and will be delivered to NASA after they are 
integrated and tested. The Jet Propulsion Labora-
tory will integrate this assembly with U.S. infrared 
detec tors and will test the entire instrument before 
de liv er ing it to Goddard Space Flight Center for 

in te gra tion with the other NGST instruments. A new 
international mid-infrared science team will provide 
scientifi c oversight for these activities.  

Point of Contact: T. Greene
(650) 604-5520
Thomas.P.Greene@nasa.gov

An Interstellar Rosetta Stone: A Database of the Infrared 
Spectra of Poly cy clic Aromatic Hy dro car bons (PAHs)
Douglas M. Hudgins, Louis J. Allamandola

In recent years, a host of observations at infrared 
wave lengths has revealed the unmistakable fi n ger -
print of poly cy clic aromatic hydrocarbons (PAHs) 
in the spectra of objects at all stages of the life 
cycle of matter in the interstellar medium (ISM). 
More over, analyses of me te or ites and interplanetary 
dust particles have demonstrated that PAHs are also 
com mon place within our own solar system. Enor-
 mous molecules by interstellar standards, PAHs 
are composed of varying arrays of fused hexagonal 
rings of carbon atoms. Not only do these species 
hold tremendous potential as probes of the ISM, 
they also represent the single largest reservoir of 
prebiotic organic carbon in developing planetary 
systems. Unfortunately, only rarely do scientists 
have the luxury of directly an a lyz ing samples of 
extraterrestrial materials. Instead, they must rely 
heavily on spectroscopic data from remote sens-
ing platforms such as NASA̓ s Infrared Telescope 
 Facility (IRTF), and the upcoming Stratospheric 
Ob ser va to ry for Infrared Astronomy (SOFIA) and 
Space Infrared Telescope Facility (SIRTF) missions 
for clues to the nature of these materials. The com-
 plete interpretation of these data, in turn, requires 
a thorough knowledge of the spec tro scop ic proper-
ties of PAHs—information obtainable only through 
 appropriate laboratory studies. Toward this end, re-
 search ers in the Astrochemistry Laboratory at Ames 
Re search Center have been actively engaged in a 
systematic study of the infrared spec tro scop ic prop-

erties of PAHs under conditions that mimic those of 
interstellar space. The long-range goal of this work 
has been to compile a com  prehen sive  infrared spec-
tral database and to apply those data to model the 
observed interstellar spectra.

The diverse physical and chemical conditions in 
different astronomical objects give rise to variations 
in the native PAH population. These variations are 
refl ected by (often subtle) differences in the 
obser ved infrared spectrum of the objects. By care-
 ful ly modeling interstellar spectra using the spectra 
of a wide variety of PAHs representing a broad 
cross-section of sizes, structures, and sta bil i ties, 
scientists can determine which PAH structures are 
favored in a particular region. The power of this 
process is il lus trat ed in Figure 1, which shows a 
comparison of the infrared spectrum of a star-
forming region to a model spectrum generated by 
adding the spectra of species drawn from the da-
 ta base. In such a region, the interstellar material is 
bathed in the harsh, ion iz ing radiation of the ad-
 ja cent hot, young O- and B-type stars. The com po -
si tion of the mixture that pro vides the best fi t to the 
Orion spec trum is quite revealing about the nature 
of the PAH population there. Sixty-three percent of 
the PAHs in the model mixture have highly stable, 
“condensed” structures (that is, the most compact 
arrangement of the hex ag o nal rings). Also, 70% of 
the model mixture is contributed by PAHs in their 
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size from C10H8 to C48H20 have been mea sured, 
and much of the wide acceptance and utility that the 
PAH model enjoys today rests upon these data. The 
species currently rep re sent ed in the dataset in clude: 
the most ther mo dy nam i cal ly stable PAHs through 
coronene, C24H12; species from the fl uoranthene 
family, aromatic hydrocarbons which incorporate a 
fi ve-membered ring in their carbon skeleton; a va-
 ri ety of large PAHs (“LPAHs”) hav ing between 36 
and 50 carbon atoms; and a variety of “aza-PAHs,” 
polycyclic aromatic com pounds with a nitrogen 
atom incorporated into their carbon skel e ton. This 
is the most extensive com pi la tion of astrophysi-
cally relevant spectral data on PAHs available. Most 
of these spectra are available in the peer-reviewed 
chem i cal literature, and an extensive review of 
the astrophysical im pli ca tions of this work is be-
ing pre pared for pub li ca tion in the astronomical 
literature. Much of the data are also available to 
the as tro nom i cal community on the Web at http:
//www.astrochemistry.org/pahdata/index.html.

Today, scientists around the world are in cor po rat ing 
these data into comprehensive new astrophysical 
models—models far more so phis ti cat ed and phys-
 i cal ly realistic than the crude illustrative example 
given previously. Those models use the measured 
absorption data to calculate PAH emission spectra 
as a function of such astrophysical parameters as 
radiation fi eld intensity, charge balance, extinction, 
and den si ty. Models such as this hold the key to un-
 lock ing the potential of PAHs as probes of the ISM, 
and it is through the availability of this da ta base that 
this goal will be realized.

Point of Contact: D. Hudgins
(650) 604-4216 
Douglas.P.Hudgins@nasa.gov

ionized forms. The PAH pop u la tion refl ected in the 
model spectrum is entirely consistent with what one 
would expect giv en the nature of this object. The 
mol e cules found in this region are those that have 
sur vived the fi erce radiation from the nearby hot 
stars. Lesser stable components of the population 
have long since been “weeded out,” and a sub stan -
tial fraction of the pop u la tion has been ionized by 
the harsh ultraviolet radiation from the nearby clus-
 ter of hot stars. Thus, it is entirely reasonable that 
the mod el PAH mixture refl ects a dis pro por tion ate ly 
large contribution from the hardiest species and 
from ionized species. 

To date the infrared spectra of more than 100 neu-
 tral, cationic, and anionic PAH species rang ing in 
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Fig. 1. Comparison of a typical ISM infrared emission spectrum 
with the composite ab sorp tion spectrum generated by adding 
the in di vid u al spectra of 11 PAHs. (Figure adapted from Peeters 
et al., Astron. Astrophys., 2002, in press).
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The SOFIA Water-Vapor Monitor Nears Completion
Thomas L. Roellig, Robert Cooper, Brian Shiroyama, Regina Flores, Lunming Yuen, Allan Meyer

The Stratospheric Observatory for Infrared Astron-
omy (SOFIA), a 3-meter class telescope mount ed in 
a Boeing 747 aircraft, is being de vel oped for NASA 
by a consortium consisting of the University Space 
Research Association, Raytheon E-Systems, and 
United Airlines. This new facility will be a re place -
ment for the retired Kuiper Air borne Observatory 
that used to fl y out of Moffett Field. As part of this 
development, Ames Research Center is providing an 
instrument that will measure the in te grat ed amount 
of water vapor seen along the telescope line of 
sight. Be cause the pres ence of wa ter vapor strong ly 
af fects the as tro nom i cal infrared signals detected, 
such a water-vapor monitor (WVM) is critical for 
proper cal i bra tion of the ob served emis sion. The 
design and engineering model de vel op ment of the 
WVM is now complete and the hard ware to be used 
in the fl ight unit has been fab ri cat ed and is now 
be ing test ed. Because the SOFIA observatory will 
be  certifi ed under Fed er al Aviation Administration 
(FAA) Part 25, ex ten sive analysis and testing is 
need ed, much more ex ten sive than was re quired for 
earlier Ames air borne ob ser va to ries that fl ew under 
an FAA re search aircraft cer ti fi  ca tion.

The SOFIA WVM measures the water-vapor con-
 tent of the atmosphere integrated along the line of 
sight at a 40° elevation angle by making ra di o met ric 
 measurements of the center and wings of the 
183.3-gi ga hertz (GHz) rotational line of water. 
These mea sure ments are then converted to the in te -
grat ed water vapor along the telescope line of sight. 
The monitor hardware consists of three physically 
 distinct subsystems:

1) The radiometer head assembly, which contains 
an antenna that views the sky, a calibrated refer-
ence target, a radio-frequency (RF) switch, a mixer, 
a local oscillator, and an intermediate-frequency 
(IF) amplifi er. All of these components are mounted 
together and are attached to the inner surface of the 

aircraft fuselage, so that the antenna can observe the 
sky through a microwave-transparent window. The 
radiometer and antenna were ordered from a com-
 mer cial vendor and have been rebuilt and modifi ed 
at Ames to include an internal reference calibrator 
and meet FAA Part 25 requirements.

2)   The IF converter box assembly, which consists 
of IF fi lters, IF power splitters, RF amplifi ers, RF 
power meters, analog amplifi ers, analog-to-digital 
(A/D) converters, and an RS-232 serial interface 
driver. These electronics are mounted in a cabinet 
just under the radiometer head and are connected 
to both the radiometer head and a dedicated WVM 
computer (CPU). All of the fl ight electronics 
boards have been fabricated and have been shown 
through testing to meet their requirements. A small 
mi cro pro ces sor that handles the lowest-level data 
col lec tion and timing has been programmed in as-
sembly language to collect and add the radiometer 
data and communicate with the software residing in 
the WVM CPU.

3)   A dedicated WVM CPU that converts the ra-
 di om e ter measurements to measured microns of 
 precipitable water and communicates with the rest 
of the SOFIA Mission and Communications Con-
trol System (MCCS). A nonfl ight version of this 
com put er hardware has been procured for labora-
tory testing and development of the fl ight software 
is near completion, with approximately 95% of the 
software coded and unit tested. Proper command 
and data communications between the WVM and 
the SOFIA MCCS have been demonstrated using an 
MCCS simulator that was developed by the SOFIA 
development team.

Point of Contact: T. Roellig
(650) 604-6426
Thomas.L.Roellig@nasa.gov
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Using Deuterium to Trace the Links Between Interstellar 
Chemistry and the Organics that Seeded the Early Earth
Scott A. Sandford, Louis J. Allamandola, Max P. Bernstein, Jason P. Dworkin

This research investigates the importance of in ter -
stel lar chemistry in the origin and early evolution of 
life. The in ter stel lar medium (ISM) mediates gas-
phase, gas-grain, and solid-state chemical pro cess ing 
that produce a variety of new molecules. Be cause 
new stellar and planetary systems are pro duced in 
dense molecular clouds in the ISM, these molecules 
may have become incorporated into—and aided 
in the for ma tion of—the early biosphere on Earth. 
Many of these organic com pounds are relatively 
complex and of potential prebiotic im por tance. For 
example, this research shows that the ultraviolet 
(UV) ir ra di a tion of ices condensed onto grains in 
dense mo lec u lar clouds should produce quinones, 
amphiphiles, and amino acids—all com pounds 
 crucial for life.

These important compounds are irrelevant to the or-
igin of life if they cannot survive the transition from 
the general dense cloud through the stellar/planet 
formation stage to subsequent infall onto a planetary 
surface. The best evidence that interstellar organ-
ics survive this process is the presence of com plex 
organics enriched in deuterium (D) in prim i tive me-

teorites. The presence of excess D is generally taken 
to indicate an interstellar chemical heritage, because 
it has long been known that in ter stel lar gas-phase 
ion-molecule chemistry produces D-enriched prod-
ucts. In the past year the various chemical processes 
that can make or alter organics in the ISM (fi gure 1) 
were examined. All of these processes should yield 
products enriched in D, with each process producing 
a unique “sig na ture” with regard to the extent and 
molecular distribution of the excess D.

This work strengthens the interpretation that D 
 enrichments in meteorites indicate the presence of 
organic species made in the ISM and provides a 
fundamental framework for the investigation of the 
nature of the links between interstellar chemistry, 
the organics in meteorites, and the origin of life on 
Earth, and by extension, planets in other stellar sys-
 tems.

Point of Contact: S. Sandford
(650) 604-6849
Scott.A.Sandford@nasa.gov
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Fig. 1. Examples of how interstellar processing by ion-molecule reactions, gas-grain surface reactions, unimolecular pho to dis so ci a tion, 
and solid-state ice irradiation can result in D enrichment of the prod ucts. Each process leaves a unique signature in the placement of 
excess D. Polycyclic aromatic hy dro car bons (PAHs) are used to illustrate each process.
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E X O B I O L O G Y

EMERG Greenhouse One: Simulations of Remote and 
Ancient Earth En vi ron ments at Ames
Brad M. Bebout

The Ames Microbial Ecology/Biogeochemistry 
 Research Laboratory, in combination with the Early 
Micro bial Ecosystems Research Group (EMERG), 
has completed a greenhouse simulation facility 
 designed to enable the maintenance and ma nip u-
 la tion of microbial mat communities. Microbial mat 
com mu ni ties are extant representatives of the old-
est forms of life on Earth. Two major experiments, 
a salinity ma nip u la tion and a sulfate manipulation, 
have now been conducted. These experiments have 
dem on strat ed that the facility is capable of maintain-
ing these complex communities of mi cro or gan isms 
for periods of more than a year, while enabling 
 experimental manipulations and the collection 
of high-quality data. The experimental apparatus 
 notably enables the collection of mea sure ments 
of the dis tri bu tion of important chemical and bi o -
log i cal pa ram e ters within the communities on the 
microscale (sub mil li me ter).

The salinity manipulation, in which the salinity of 
half of the experimental microbial mats was raised 
by a factor of about 30%, provided the important 
result that the community composition of the major 
photosynthetic population in the mats (cyanobacteria), 
as revealed using molecular bi o log i cal methods, is 
essentially identical to that of fi eld-collected popula-

tions. Increased salinity reproduced cyanobacterial 
community changes that are also observed with 
 increases in salinity in the natural environment. The 
importance of this result is a validation of the meth-
 ods being used to con duct manipulations.

The sulfate manipulation, in which the sulfate 
concen trations of half of the experimental mats 
were reduced by a factor of nearly 1000, recreates 
condi tions that were important early in Earthʼs his-
tory but are not presently found in the natural envi-
ronment. This manipulation has produced numerous 
fun da men tal changes in the microbial mats, includ-
ing changes in sulfate reduction, oxygen distribution 
within the mat, and pho to syn thet ic effi ciency. In ad-
dition, changes in important biomarker gases were 
observed between the treat ments, including higher 
rates of methane and dimethyl sulfi de production 
in mats incubated at lower sulfate con cen tra tions. 
These results will be important in evaluating the 
strategy of looking at biomarker gases in the atmo-
spheres of extrasolar planets.

Point of Contact: B. Bebout
(650) 604-3227
Brad.M.Bebout@nasa.gov

A Terrestrial Analog for the Martian Meteorite ALH84001
David Blake, Allan H. Treiman, Hans E.F. Amundsen, Ted Bunch

Carbonate minerals present in the ancient Mars 
 meteorite ALH84001 may hold clues to the pro-
 cess ing and fate of volatiles and the potential for 
prim i tive life on early Mars. However, because 

ALH84001 is separated from its sur round ing rocks, 
the context of its formation and pro cess ing is 
 unknown and the origin of the carbonate glob ules 
has, therefore, been controversial—sce nar i os range 
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from groundwater deposition through high-
temperature shock meta mor phism. In terrestrial 
fi eld geology, such rocks are called “fl oat” when 
they are found removed from their original setting. 
The ALH84001 me te or ite is an extreme example of 
“fl oat,” having been separated from its source lo-
 cal i ty (Mars) by hun dreds of millions of miles. 

One way to investigate the origin of rocks whose 
context to the surrounding strata has been lost is to 
fi nd and study analogous rocks where fi eld re la tion -
ships can be obtained. Igneous rocks from vol ca noes 
on northern Spitsbergen (Svalbard, Norway) contain 
carbonate globules strikingly similar to the globules 
in ALH84001 (see fi gure 1). Field and laboratory 
data suggest that the Spitzbergen car bon ates formed 
as a result of late-stage hy dro ther mal (i.e., hot springs) 
activity. The ALH84001 car bon ates probably formed 
in a similar en vi ron ment.

Xenoliths (rock fragments dislodged and entrained 
in rising magma) comprise up to 20% of the 
 exposed volumes of basalt from several volcanoes 
on Spits bergen. The mantle xenoliths within the ba-
salt in clude rock types similar to ALH84001. Glob-
 ules of carbonate minerals occur in the xe no liths 
and their host lavas along cracks, in vesicles, and 
as re place ments of olivine. Typical carbonate glob-
ules in the Spitsbergen rocks are ellipsoids cored by 
anker ite, siderite, and magnesite (ASM), carbonate 
min er als also present in ALH84001. 

Results suggest that the ASM carbonates were 
 deposited in situ, in restricted areas, in the volcanic 
centers by hydrothermal fl uids. The ASM carbonate 
globules from the Spitsbergen volcanoes are simi-
lar to the carbonate globules in ALH84001, having 
similar sizes, shapes, chemical compositions, gen-
 er al patterns of chemical zoning, and host rock 
compositions. These similarities suggest that the 
Spitsbergen and ALH84001 carbonate masses 
formed in com pa ra ble geological environments.

The current focus of Mars exploration is on water 
and ancient environments where life may have pros-
 pered, including hydrothermal systems. The 

Fig. 1. Optical microscope views of carbonate globules from 
Mars and Earth. Semicircular glob ules, ~200-micron (µm) 
diameter, have cores of ankerite and siderite carbonates (brown, 
Fe- and Ca-rich), and rims of magnesite (clear, Mg-rich). 
(a) Mars. Meteorite ALH84001. Black layers are magnetite-rich 
(originally were siderite, Fe-rich carbonate). Globules sur round ed 
by orthopyroxene and feldspathic glass. (b) Earth. Spitsbergen 
xe no lith, sequence of carbonate minerals similar to ALH84001 
globule above. Globules surrounded by olivine, orthopyroxene, 
clay, and silica; globules cut by clay-fi lled veinlets.

(b)

(a)
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Microbial Mats and the Origins of Photosynthesis
David J. DesMarais, Dan Albert, Brad M. Bebout, Mykell Discipulo, Tori M. Hoehler, Kendra Turk

ALH84001 carbonates are critical to this search, 
almost by default, because they are our only direct 
clues about ancient Martian aqueous environments 
and geochemistry. Further study of the Spitsbergen 
rocks will help clarify the formation conditions for 
the carbonates, provide a sound terrestrial basis for 
interpreting the carbonates in ALH84001, and aid in 

planning geological and geochemical studies of the 
Martian highlands.

Point of Contact: D. Blake
(650) 604-4816
David.F.Blake@nasa.gov

The Early Microbial Ecosystems Research Group 
(EMERG) at Ames Research Center is defi ning the 
struc ture and function of microbial biofi lm (mat) 
com mu ni ties. Recent observations of aerobic and 
anaerobic processes within these com mu ni ties offer 
clues about our earliest origins and about the nature 
of Earthʼs ancient atmosphere. Such studies con-
 trib ute directly to NASA missions that seek to chart 
the distribution of habitable planets and biospheres 
 beyond Earth.

When our biosphere developed photosynthesis, 
prob a bly in microbial mats, it tapped an energy 
 resource that was orders of magnitude larger than 
the energy available from oxidation-reduction reac-
tions associated with weathering and hy dro ther mal 
ac tiv i ty. The onset of oxygenic pho to syn the sis most 
prob a bly increased global organic pro duc tiv i ty by 
more than two orders of magnitude. This pro duc -
tiv i ty materialized principally because oxygenic 
photo synthetic bacteria can capture hydrogen for 
organic biosynthesis by cleaving the water mol-
 e cule. This virtually unlimited supply of reduced 
hydrogen for ever freed life from its sole dependence 
upon abi ot ic sources of reducing power such as 
hy dro ther mal emanations and weathering. Com-
 mu ni ties sustained by oxygenic photosynthesis 
thrived wherever sup plies of sunlight, moisture, 
and nu tri ents were suf fi  cient. The microfossil record 
of cyano bacteria is ev i dent for more than 2.5 bil-
lion years, and their ancient stromatolitic reefs rival 

modern reefs in size. Vast sed i men ta ry deposits of 
organic carbon, reduced sulfi de, and ferric iron on 
con ti nen tal plat forms and margins are among the 
most prom i nent and enduring legacies of billions 
of years of ox y gen ic photosynthetic activity. The 
biosphere passed through an earlier stage where even 
its photo synthetic populations depended exclusively 
upon nonbiological sources of reducing power from 
hydro thermal em a na tions and rock weathering. Can 
we recognize such a stage? In order to chart the de-
 vel op ment of ox y gen ic pho to syn the sis as well as its 
impact upon the at mo sphere and ancient sed i ments, 
it is important to learn how to discriminate between 
the fossil re mains of aerobic versus anaer o bic pop u -
la tions.

The Ames team examined modern descendants of 
these ancient mats in subtidal and intertidal marine 
environments at Guerrero Negro, BCS, Mexico, 
specifi cally those dom i nat ed by Microcoleus (sub-
tidal) and Lyngbya (intertidal to supratidal) cyano-
bacteria. Differences in the aerobic versus anaerobic 
communities were observed that indeed might be 
preserved in the sedimentary record. We examined 
the exchange of oxygen (O2) and dissolved in or -
gan ic  carbon (DIC) between mats and the over ly ing 
water, during diel (24-hour) cycles. Microcoleus 
mats  assimilated near-equal amounts of DIC during 
the day as they released at night, but Lyngbya mats 
typ i cal ly showed net uptake of DIC over the diel 
cycle. Pat terns of O2 daytime release and nighttime 
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Large-Magnitude Biological Input of Hydrogen to the 
Archaean Atmosphere
Tori M. Hoehler, Brad M. Bebout, David J. DesMarais

uptake mirrored these DIC trends in both mat types. 
Night time DIC effl uxes from Microcoleus mats 
were equiv a lent in the presence versus absence of 
O2, whereas nighttime DIC effl uxes from Lyngbya 
mats dropped markedly in the absence of O2. Thus, 
aer o bic diagenesis was more important in Lyngbya 
mats than in Microcoleus mats, perhaps because 
trapped O2 bubbles persist only in Lyngbya mats 
at night, and thus sustain populations of aerobes. 
In both mat types, effl uxes of hydrogen gas (H2), 

meth ane (CH4), and short-chain fatty acids were 
much great er at night in the absence of O2, em pha -
siz ing the im por tance of fermentation reactions. 
Dif fer enc es ob served between Microcoleus versus 
Lyngbya mats forecast dif fer enc es in their micro-
biota and in their patterns of gene expression.

Point of Contact: D. DesMarais
(650) 604-3220
David.J.DesMarais@nasa.gov

Earthʼs earliest biosphere is often thought to have 
depended primarily on chemicals vented from deep 
underground (as in volcanoes or hydrothermal vents) 
as its primary source of energy. Before long, how ever, 
life “learned” how to use solar radiation (light) as 
the primary energy source. Because light pro vides 
a much more abundant supply of energy, the new 
pho to syn thet ic biosphere had the potential to be 
more productive than the earlier biosphere by as 
much as two or three orders of magnitude. Ac cord -
ing ly, the capacity of life to alter the chem is try of 
our planetʼs surface must have increased by a similar 
magnitude. The Early Microbial Ecosystems Re search 
Group (EMERG) at Ames Research Center is study ing 
modern relatives of Earthʼs ancient pho to syn thet ic 
biosphere in order to un der stand the possible bio-
logical impacts on planetary chemistry during the 
early stages of our history.

Recent studies have focused on the production 
of hydrogen gas, H2, by modern microbial mats 
(an a logs for ancient photosynthetic com mu ni ties). 
 During photosynthesis, microbial mats break water, 
H2O, into its component elements of hydrogen and 
oxygen. Ordinarily, the H2 is used to turn carbon 
dioxide from the atmosphere into sugar-like ma te -
ri als—which are sub se quent ly used to synthesize 

the complex organic molecules that comprise liv-
ing organisms. However, when microbial mats 
are  exposed to a simulated Archaean (early Earth) 
atmo sphere that is very low in oxygen, they instead 
 release much of this hydrogen to the environment. 
Without this mechanism, the primary source of H2
to the Archaean atmosphere would have been geo-
 ther mal venting (e.g., volcanic emissions); the pres-
ent research suggests that the biological release of 
hydrogen may have exceeded the geo log i cal one by 
100 to 10,000 times.

Such a profound addition of hydrogen to the 
Archaean en vi ron ment could have had important 
implications for both biology and chemistry on a 
global scale. Hydrogen is widely utilized as a food 
source by many of the organisms thought to have 
comprised the early biosphere. The numbers and 
global distribution of such organisms could have 
been greatly enhanced by an atmosphere containing 
signifi cant quantities of H2. Each of the particular 
chemistries mediated by these organisms could 
there by have a proportionately larger impact on the 
local or global environment than in the absence of 
a photosynthetic H2 fl ux. In addition, H2 itself can 
have an important impact on atmosphere and ocean 
chemistry. Hydrogen is “light” enough to escape to 
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space, and in the process, carries electrons with it. 
The removal of electrons from our planet in this 
fashion would facilitate the oxidation of our oceans 
and atmosphere from an initially reducing or neutral 
condition to the highly oxidized and oxygenated 
state that permits the existence of multicelled life 
forms—including us!

Point of Contact: T. Hoehler
(650) 604-1355
Tori.M.Hoehler@nasa.gov

Analysis of the Tagish Lake Meteorite
Sandra Pizzarello, Yongsong Huang, Luann Becker, Robert J. Poreda, Ronald A. Nieman, George W. Cooper, 
Michael Williams

Carbonaceous meteorites provide an important re-
cord of organic compounds that were synthesized 
very early in the solar system and delivered to the 
planets. Because a goal of NASA is to understand 
the origin and evo lu tion of life, it is desirable 
to analyze a variety of such meteorites for their 
 organic content.

The Tagish Lake meteorite fell in Canada in 2000 
and was kept frozen until analysis. It may provide 
the most pristine material of its kind. Analyses have 
shown this carbonaceous meteorite to contain a 
suite of soluble organic compounds (~100 parts per 
million) that includes mono- and di car box y l ic acids, 
dicarboximides, pyridine carboxylic acids, a sul fon ic 
acid, and both aliphatic and aromatic hy dro car bons. 
Surprisingly, some of the most abundant organic 
compounds of the well-studied Murchison meteorite 
were found to be very scarce in Tagish Lake. Ami no 
acids, monocarboxylic acids, and amines are three 
orders of magnitude less abundant than in Murchison.

The difference between the two meteorites is also 
qual i ta tive, and very few species were found for 
each class of Tagish Lake compounds, contrary to 
Murchisonʼs large isomerism. For example, al though 
there is a series of straight chain car box y l ic acids 
from formic to nonanoic acid, of the many possible 
branched isomers only isobutyric acid was detected. 
For amino acids and amines, the list of identifi ed 

compounds contains few: glycine, ala nine, _lpha-
amino iso- and n-butyric, and _amma-amino butyric 
acids; and methyl, ethyl, and iso pro pyl amines. In 
addition, only the fi rst two members of each series, 
e.g., acetic and formic ac ids, are present above trace 
levels. Also in con trast to Murchison, the abundance 
ratio of the fi rst or sec ond member of each series to 
the third ranges from ap prox i mate ly 10 to 100 (2 to 
4 is typical Murchison). 

The case of Tagish Lake sulfonic acids (organic sul-
fur compounds) is an extreme example because they 
were found to be represented in the meteorite by 
just methane sulfonic acid (MSA). MSA was found 
to be several times more abundant in Tagish Lake 
than in Murchison. Although other members of the 
series may ultimately be found, it is apparent that 
the ratio of MSA to the other sulfonic acids would 
still be much higher in Tagish Lake than in Murchi-
son. In Murchison, sulfonic acids are present as a 
homologous series that extends to at least 4 car bons. 
MSA was found to be different from its homo logs in 
having much higher amounts of car bon-13 and the 
heavier isotopes of sulfur. The present fi nd ings in 
Tagish Lake may be con sis tent with these isotopic 
differences.

The fi nding of just one suite of organic compounds 
matching those of Murchison and of some (but not 
all) the carbonaceous phases and compounds seen in 
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other meteorites demonstrates the presence of dis-
 tinct organic synthetic processes in primitive me te -
or ites. It also implies that the more complex organic 
matter of heterogeneous meteorites may result from 
multiple, separate evolutionary pathways.

Point of Contact: G. Cooper
(650) 604-5968
George.W.Cooper@nasa.gov

Computational Modeling of Regulatory Networks in Cells
Andrew Pohorille, Stephen Bay, Pat Langley, Jeff Shrager

Understanding how an organism regulates its level 
of gene expression in response to external stimuli 
is a cen tral problem in molecular biology. Although 
sci en tists understand the basic mechanisms through 
which DNA produces proteins and thus biochemi-
cal behavior, they have yet to determine most of the 
regulatory networks that control the degree to which 
each gene is expressed. This knowledge is nec es sary 
for un der stand ing ef fects of space en vi ron ments on 
cells and ex plain ing interactions of or gan isms in 
ecosystems. Faulty cellular regulation is responsible 
for numerous dis eas es, of which can cer is the best 
known example. The BioLingua project, described 
here, provides interactive com pu ta tion al tools for 
biologists to build regulatory mod els using micro-
array data, which measure gene ac tiv i ty in terms 
of ribonucleic acid (RNA) ex pres sion levels in an 
 organism. When the data are am big u ous, BioLingua 
relies on biological knowl edge in the form of initial 
models and information about plau si ble causal re la -
tions between gene products.

The approach to discovering regulatory networks 
is based on linear causal models. In this approach, 
each variable is represented as a linear function of 
its direct causes plus an error term. Variables cor re -
spond to the expression levels of genes or mea sure -
ments of external quantities. A regulatory network 
is represented as a graphical model, in which each 
variable is a node and causal infl uences are rep re -
sent ed as arrows from the cause to the effect. The 
structure of the initial model can be obtained from 
constraints imposed by partial correlations between 

experimentally measured values of different vari ables. 
For example, a zero partial cor re la tion be tween two 
variables means that they are con nect ed through the 
third variable. A nonzero partial cor re la tion implies 
that the variables are directly causally connected. 
The initial model is further refi ned through a search 
in the space of models consistent with biological 
knowledge to ensure that the pre dict ed directions of 
changes in gene expression (up and down reg u la tion) 
match those measured in ex per i ments.

The methodology described previously is illustrated 
in the example of photosynthesis regulation in cyano-
bacteria, which are ubiquitous organisms in ter res -
tri al, marine, and freshwater ecosystems. More than 
25% of the oxygen in the atmosphere is gen er at ed 
by cyanobacteria. The model, shown in fi gure 1, 
was generated on the basis of the recent microarray 
studies. It explains why cyanobacteria exposed to 
high light conditions bleach, and how this protects 
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Fig. 1. The proposed regulatory model of pho to syn the sis in 
cyanobacteria.
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A High-Performance, Low-Cost Linux Cluster for Genomics
Karl Schweighofer, Rick Graul

In support of genomics research at NASA, the new ly 
formed bioinformatics group (under the title of 
the NASA Center for Astrobioinformatics) has de-
 vel oped a Linux-based computer cluster con fi g ured 
with genomics tools. The cluster, also known as a 
Linux farm, is to serve as a test platform for de vel -
op ing genomics tools, and as an integral com po nent 
of the newly formed bioinformatics in fra struc ture 
to support NASA-specifi c research and missions. 
Such an infrastructure is justifi ed because of the 
large num ber of scientists whose research employs 
the direct use of genomic in for ma tion, and who are 
 currently relying on outside resources to perform 
their analysis.

The Linux farm, called GRETEL, consists of 10 dual 
processor Pentium II 400-MHz processors, with an 
average of approximately 500 megabytes (MB) of 
memory per node. The network topology employs 
a single network card in each node, each of which 
is connected to a local 100-megabit (Mb) switch. 
Of the 10 nodes, one is confi gured to be “Mother 
Su pe ri or,” and the others act as slaves, although 
each node has its own disk, operating sys tem, and 
local copies of important databases. Moth er Supe-
rior also acts as a Web server and por ta ble batch 
system (PBS) batch server, and it allows remote 

logins for users who wish to have command-line 
access to tools or to develop their own code. Login 
access (Secure Shell Protocol (SSH)) and Hypertext 
Trans fer Pro to col (HTTP) re quests are for ward ed 
by a Linux-based fi rewall, which in su lates the farm 
net work from the Ames Research Center (ARC) 
outer large-area net work (LAN). This is per formed 
by Network Ad dress Trans la tion, which mas quer -
ades the nodes so that each one has only a private 
network address. This allows for a high de gree of 
reliability, because jobs started on the farm will 
continue even if the outer network ex pe ri enc es an 
interruption.

Genomics tools are mostly centered around bi o -
log i cal sequence analysis algorithms. In a typical 
anal y sis, a database of sequences is searched against 
a que ry sequence whose function may be unknown. 
If the search yields a set of “hits” from the database, 
and if these hits are similar in function, then one can 
infer the function of the unknown sequence by sim i -
lar i ty. This type of search is highly parallel, because 
the comparison of the query with each sequence in 
the database is an independent cal cu la tion. Thus, an 
algorithm for splitting up the database and sub mit -
ting N searches to N nodes is an effective parallel-
ization method for these types of tools.

the organism. The model states that changes in light 
level modulate the expression of a protein dspA, 
which serves as a light sensor. This in turn regulates 
NBLR and NBLA proteins, which then reduce the 
number of phycobilisome (PBS) rods that absorb 
light. The reduction in PBS protects the health of the 
organism by re duc ing absorption of light, a pro cess 
that can be damaging at high levels. The sensor dspA 
impacts health through a second pathway by infl u-
encing an unknown response reg u la tor RR, which in 
turn down regulates ex pres sion of the gene products 

psbA1, psbA2, and cpcB, which are all need ed to 
form a functional photosystem. However, only the 
fi rst protein was found to regulate the level of pho-
tosynthetic activity (Photo). High levels of photo-
synthetic activity would also damage the 
organism in high light conditions.  

Point of contact: A. Pohorille
(650) 604-5759
Andrzej.Pohorille-1@nasa.gov
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Fig. 1. Time for job completion as a function of the number of 
processors.
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A benchmark of GRETEL was performed using a 
common sequence search algorithm known as HM-
MER, which operates under a parallel virtual ma-
chine (PVM). HMMER consists of hidden markov 
modeling software, and the Pfam database, (a large 
set of HMMs trained on alignments of known pro-
tein domains). These domains may be used to infer 
the function of a protein, its structure, or whether it 
is a known drug target, for example. For the pres-
ent benchmark, a single GPCR se quence was scored 
against the entire Pfam da ta base of about 3000 
HMMs. Figure 1 shows the lin ear i ty in the time 
for job completion with the num ber of pro ces sors. 
Figure 2 is a photo of the farm. This meth od of low-
cost computing is proving to be a valuable  resource 
for scientists, given the enormous size of datasets 
as so ci at ed with the hu man genome project. The 
resource is available at http://genomics.arc.nasa.gov.

Fig. 2. The Linux farm.

Point of contact: K. Schweighofer
(650) 604-5766
Karl@mail.arc.nasa.gov
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P L A N E T A R Y  S C I E N C E

Organic Chemistry Leading to Life 
Emma Bakes, Alexander Tielens, Charles Bauschlicher, C. P. McKay, Stephen Walch, William J. Borucki, 
Robert C. Whitten, Bishun Khare, Louis Allamandola, Douglas Hudgins, Sebastien Lebonnois, Hiroshi Imanaka

During FY01, work was done in three primary 
 research areas: (1) the formation of the building 
blocks of life in space; (2) the formation of mac ro -
mol e cules and the precursors to biology in the Titan 
haze; and (3) the 30-year-old problem of the uniden-
tifi ed interstellar infrared emission features.

1. Our Solar System was formed from the pri-
 mor di al interstellar medium (or matter) (ISM) when 
it collapsed to form a disk of gas and dust grains. 
 Everything that composes the solid material in our 
planetary system originated from primordial in ter -
stel lar dust, and there is increasing evidence that 
primordial ISM is intimately related to cometary 
and meteoritic matter in the Solar System. Amino 
acids are termed “prebiotic” because they precede 
the formation of all bi o log i cal life. His tor i cal ly, 
ami no acids were thought to reside on Earth only. 
Recently, however, they have been discovered not 
only in solid chunks of me te or it ic rock from the 
outer Solar System, but in the material between 
the stars (the interstellar medium). This fi nding has 
pro found and far reach ing implications for studies 
of the origins of life. If the molecules that precede 
life exist between the stars, then life is a potentially 
uni ver sal phenomenon.

The primary goals of the proposed research into the 
formation of lifeʼs building blocks in space were to 
(1) predict the chemical pathways and energetics for 
amino acid synthesis under astrophysically relevant 
con di tions; (2) provide evidence of the survivability 
of amino acids in the hostile environment of in ter -
stel lar space; and (3) predict infrared spectra of the 
relevant spe cies. The results would then be used in 
an astrochemical model to interpret and analyze as-
trophysical infrared data from the chemically rich est 
region of our Galaxy, Sagittarius B2, where a pos-

sible detection of glycine, the simplest amino acid, 
was made. This work has shown that it is  possible to 
make amino acids in interstellar space on solid in-
terstellar dust grains (but not in the gas). The amino 
acids on these dust grains may then be come part of 
a new solar system when the solid grains collapse to 
form planets and rocky bodies in the planetary sys-
tem. In short, it is possible that some of the amino 
acids found on Earth today orig i nat ed in the harsh 
and cold reaches of in ter stel lar space.

2. Research into the formation of mac ro mol e cules 
and biological precursors in Titanʼs haze has be-
gun to bridge the gap existing in current models of 
Ti tanʼs chemistry. It has so far been established that 
it is possible to form both neutral and cationic, pure, 
and nitrogenated mac ro mol e cules containing up to 
10 carbon atoms. Larger molecules are on the way 
to being analyzed using quantum chemical tech-
 niques. This information represents an enormous 
breakthrough, advocating the ease and energeti-
cally favorable formation of macromolecules which 
can then play a key part in Titanʼs thermodynam-
ics, chemistry, and aerosol formation. Laboratory 
 experiments are under way to investigate the chem-
 i cal scheme discussed above in order to investigate 
how the starting mixture, temperature, pressure, 
and mo lec u lar complexity alter the fi nal products. 
 Results back up quantum chemical breakthroughs 
made thus far. The formation of molecular hy dro gen 
by means of aerosol surface catalysis has been in-
 ves ti gat ed and found to play a signifi cant role in the 
for ma tion and subsequent escape of this mol e cule 
from Titanʼs atmosphere, solving a longstanding 
problem in the Titan haze com po si tion. The charg-
 ing and agglomeration of Titan haze aerosols has 
been in ves ti gat ed and it can account for daily and 
(po ten tial ly) seasonal vari a tions in the haze albedo. 
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This occurs through the agglomeration of anionic 
polycyclic aromatic hydrocarbon (PAH) molecules 
and high ly pos i tive ly charged aero sols dur ing 
Ti tanʼs daytime and sum mer phases. It is er ro ne ous 
to con sid er a mon o dis perse aerosol pop u la tion with 
one charge—the sit u a tion is much more complex 
and dra mat i cal ly changes our view of Ti tanʼs at mo -
sphere. This is very controversial and will likely 
cause a storm in the fi eld. The above dis cov er ies 
may rad i cal ly change Titan haze con duc tiv i ty and a 
new mod el is currently being formed of the charg-
 ing of the Ti tan haze aerosols. This will help revise 
the results in tend ed to guide the Cassini Huygens 
probe, which is scheduled to drop into the Titan haze 
in 2004.

3. Strong infrared (IR) emission features between 
3.3 and 12.7 microns are ubiquitous and are the most 
luminous mid-IR spectral features originating from 
the ambient ISM. They are valuable di ag nos tics of 
the ISMʼs chemical composition, thermal excita-
tion, and evolution. These features are ob served 
in many astronomical sources at various stag es of 
their evo lu tion, including refl ection neb u lae, HII 
regions, young stellar objects, pho to dis so ci a tion 
regions, postasymptotic giant branch stars, planetary 

neb u lae, transition objects, novae, the Ga lac tic disk, 
and even extragalactic sources. These mysterious 
fea tures are generally attributed to PAH molecules, 
but the ex act iden ti fi  ca tion of the carriers of these 
IR fea tures with spe cifi  c molecules has remained 
elu sive, lead ing to their being termed the “un-
 i den ti fi ed in fra red (UIR) emis sion features.” This 
re search has made sub stan tial inroads into clarify-
ing the nature of the carriers of the UIR emission. A 
state-of-the-art mod el of in ter stel lar IR emission and 
mac ro mo lec u lar chem is try was constructed. The 
inclusion of quan tum chem is try has taken the pre-
diction of IR emission and the chemical evo lu tion 
of PAHs to a superior the o ret i cal level, sur pass ing 
that of former studies. It has also enabled a logical 
and systematic search for the UIR emission carriers 
in a variety of star-forming regions, guided by the 
fundamental laws of quan tum physics. The answer 
to one of the key ques tions in as tro phys ics—What 
is the nature of the carriers of the UIR emission fea-
tures?—is within our grasp. We are on the verge of 
a break through in solving this 30-year-old problem.

Point of Contact: E. Bakes
(650) 604-0787
bakes@shivakali.arc.nasa.gov

Probing Dust Processing Events in Accretion Disk 
Atmospheres Using Two-Dimensional Radiative Transfer 
Models
K. Robbins Bell, Diane Wooden, David Harker, Charles Woodward

Progress has been made in observing and model-
ing temporally variable dust-emission features in 
young stars surrounded by protoplanetary accretion 
disks. Multi-epoch mid-infrared spectrophotometry 
of premain-se quence (PMS) stars, including low-
mass PMS T Tauri stars and intermediate-mass PMS 
Herbig Ae/Be stars, with the Ames High-effi ciency 
Faint Object Grating Spectrometer (HIFOGS) over 
the 7.5 – 13.5 micron wavelength range has con-

 fi rmed the measurement of variable dust-emission 
features. The HIFOGS spectrophotometric ob ser -
va tions reveal changes in strength in either (1) the 
9.7-micron amorphous silicate resonance or (2) the 
8.6-micron or 11.25-micron (or both) polycyclic 
aromatic hydrocarbon (PAH) bands in six PMS 
stars. Although the dust-emission features change 
on timescales of months to years, the underlying 
infrared continua remain constant in fl ux density. 

P L A N E T A R Y  S C I E N C E
G L O B A L  C I V I L  A V I A T I O N   / SAFETY  P L A N E T A R Y  S C I E N C E
G L O B A L  C I V I L  A V I A T I O N   / SAFETY  



96 G L O B A L  C I V I L  A V I A T I O N   / SAFETY  

The interpretation of this variability is that dust in 
the tenuous regions above the optical disks is being 
chemically altered through exposure to stellar ra di a-
 tion. These processing events appear to be occurring 
at disk radii comparable to or larger than Earthʼs 
orbit of 1 astronomical unit (AU) and may provide 
clues to the dynamics of the active planet-forming 
region below the disk photosphere. 

Two-dimensional (2-D) radiative transfer models 
have been developed and are being used to model 
these time-variable spectra. These new models al low 
synthesis of spectral energy distributions of com-
 plex disk geometries that include inner gaps and 

disk swelling caused by local opacity effects such 
as those expected from vertical structure models. 
The 2-D radiative transfer models are being used to 
 interpret data from broad-wavelength spectral en-
 er gy distributions derived from ground-based pho-
 tom e try and HIFOGS time-variable spec tros co py, as 
well as from the Infrared Space Ob ser va to ry (ISO) 
Short Wavelength Spectrometer (SWS) 6–45 micron 
spec tra.

Point of Contact: K. Bell
(650) 604-0788
Katherine.R.Bell@nasa.gov

The Kepler Mission: A Photometric Mission to Determine the 
Frequency of Earth-Size Planets in the Habitability Zone of 
Solar-Like Stars
William J. Borucki, David G. Koch

The Kepler Mission is a Discovery-class space 
 mission designed to detect and characterize Earth-
size planets around solar-like stars. The sizes of 
the plan ets are determined from the decrease in a 
starʼs light that occurs during planetary transits; the 
orbital period is determined from the re peat abil i ty 
of the transits. The orbital radius and the nearness 
of the planet to the habitability zone are estimated 
from ancillary measurements of the stellar mass 
and bright ness. Such measurements determine the 
spac ing of planets, their distribution of size with 
orbital distance, and their variation with stellar type 
and multiplicity. Because thou sands of stars must 
be continually monitored to detect the transits, ex-
 ten sive information can be obtained about the starʼs 
rotation rates and activity cycles. Observations of 
p-mode oscillations also provides information on 
age and metallicity of the parent stars.

These goals are accomplished by continuously and 
simultaneously monitoring a single fi eld of 100,000 
solar-like stars for evidence of brightness changes 
caused by transits of Earth-size or larger planets. 
To obtain the high precision needed to fi nd planets 
as small as Earth and Venus, a wide fi eld-of-view, 
0.95-m-aperture Schmidt telescope with an array of 
charge-coupled device (CCD) detectors at its focal 
plane must be located outside Earthʼs atmosphere. 
Both Solar Maximum Mission (SMM) and Solar 
and Heliospheric Ob ser va to ry (SOHO) ob ser va tions 
of the low-level vari abil i ty of the Sun (~1:100,000) 
on the timescales of a transit (4 to 16 hours), and 
our lab o ra to ry measurements of the photometric 
precision of charge-coupled devices (1:100,000) 
show that the detection of planets as small as Earth 
is practical. If most solar-like stars have terrestrial-
size planets in their habitable zone, then several 
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hundred planetary systems should be detected. Many 
additional planets should be de tect ed that have 
short er orbital periods. Planets as small as Mars or 
even Mercury could be found if they have orbital 
periods of a week or less. Based on pre vi ous ly 
 obtained Doppler velocity data, ap prox i mate ly 
1,000 giant inner planets should be dis cov ered from 
their refl ected light.

The Kepler Mission was selected on 21 December 
2001 for a launch opportunity and is expected to be 
launched into a heliocentric orbit in 2007. A 4-year 
mission is planned with the capability of operating 
for an additional 2 years. The additional 2 years 
would nearly double the number of detections of 
planets in the habitable zone of G-dwarf  stars like 
our Sun. 

The spacecraft and instrument will be build by Ball 
Aerospace Technology Corp. (BATC), of Boulder, 
Colorado. BATC has built most of the optical instru-
ments used in the Hubble Space Telescope and is 
the industrial partner for the Deep Impact Dis cov ery 
Mission.  The Space Telescope Science Institute 

(STScI) is a partner on the Kepler Mis sion. Mission 
data will be calibrated and archived, and acoustic-
mode data will be used to determine the age and 
composition of the brighter stars. A frame sub trac -
tion technique will be used to remove the effects of 
dim background stars. 

The Smithsonian Astrophysical Observatory will 
perform ground-based spectroscopy on the 225,000 
stars in the Cygnus star fi eld that Kepler will view. 
These data will be used to select the target stars by 
culling out evolved stars that are too large to show 
planetary transits. Candidate planets will be ex am -
ined and false positives, caused by the presence of 
white dwarf companions, will be removed.

The Lawrence Hall of Science and the SETI In-
 sti tute are leading the education and outreach 
pro grams to bring the Kepler discoveries into class-
rooms and to the attention of the general pub lic.

Point of Contact: W. Borucki
(650) 604-6492
William.J.Borucki@nasa.gov

Effect of Negative Ions on the Conductivity of Titan’s Lower 
Atmosphere
William J. Borucki, E. L. Bakes, Robert C. Whitten 

Borucki and colleagues previously (1984) cal cu lat ed 
the electrical conductivity and electrical charge on 
aero sols in Titanʼs at mo sphere resulting from their 
ionization by galactic cosmic rays and by electron 
precipitation from Saturnʼs magnetosphere. Based 
on these calculations, an experiment was de signed 
to fl y on the entry probe of the Cassini Mis sion 
to measure Titanʼs conductivity. The cal cu la tions 
showed that Titanʼs lower atmosphere must be sub-
 stan tial ly more conducting than the at mo spheres of 
Earth and Venus because of the high con cen tra tion 
of free electrons. The prediction of a high con duc -

tiv i ty is based on the lack of electrophillic species 
which could form negative ions with low mobility 
and thereby reduce the num ber of free electrons. 
At that time, no molecular spe cies capable of form-
 ing negative ions in con cen tra tions suffi cient to 
perturb the atmospheric conductivity were iden ti -
fi ed.  Recently, the for ma tion of poly cy clic aromatic 
 hydrocarbons (PAH) has been in ves ti gat ed using 
quan tum mechanical meth ods. The cal cu la tions 
 indicate that these molecules will be highly electro-
phillic and are likely to be present in the atmos   phere 
at mixing ra tios of the order of one part per 
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10  million. Revision of the atmospheric model is 
under way to account for the presence of the neg-
 a tive ions formed from the PAHs and to predict their 
effect on Titanʼs at mo spher ic conductivity.

Point of Contact: W. Borucki
(650) 604-6492
William.J.Borucki@nasa.gov

The Vulcan Photometer: A Dedicated Photometer for 
Extrasolar Planet Searches
William J. Borucki, Douglas A. Caldwell, David G. Koch, Jon Jenkins

A small dedicated photometer for use in detecting 
extrasolar planets has been constructed and tested at 
Mt. Hamilton, Cal i for nia. It simultaneously mon i -
tors 3,000 stars brighter than 12th magnitude within 
each star fi eld in the galactic plane. Observations 
are conducted all night every clear night of the year. 
A single fi eld is monitored at a cadence of eight im-
ages per hour for a period of about 3 months. When 
the data are folded and phased in order to discover 
low-amplitude transits, the relative pre ci sion of 
1-hour samples is about 1 part per 1,000. This preci-
sion is suffi cient for fi nding Jovian-size planets or-
biting solar-like stars, which have signal amplitudes 
from 5 to 50 parts per 1,000, depending on the sizes 
of the planet and star.

Nearly 100 variable stars are found in each star 
fi eld in each of the two star fi elds observed. About 
50 of these are eclipsing binary stars, some with 

am pli tudes of only a few percent. Three of these 
showed transits signatures like those expected from 
plan e tary companions. These stars were then ob-
served with high-precision spectroscopy at other 
ob ser va to ries to determine the mass of the second-
ary object. The spectra indicate that two candidates 
are nearly identical stars in binary pairs in grazing 
orbits. Spec tro scop ic observations showed the third 
object to be a high-mass-ratio single-lined binary 
with a stellar companion similar in size to a Jovian 
planet. Detection of the extrasolar planet orbiting 
the star HD209458 produced an easily recognized 
signal proving that the photometer has the necessary 
rel a tive precision to fi nd planetary companions.

Point of Contact: W. Borucki
(650) 604-6492
William.J.Borucki@nasa.gov

Extrasolar Planet Detector for the South Pole
Douglas A. Caldwell, Robert L. Showen, Kevin R. Martin, William J. Borucki, Zoran Ninkov

Recent discoveries of a wide variety of planetary 
systems highlight the need for statistical in for ma tion 
on the numbers and properties of extrasolar plan-
ets in order to understand planetary formation and 
evo lu tion. Tran sit photometry (ob serv ing a plan et 
pass in front of its star) can reveal a wealth of in for -

ma tion for ~10% of those planets with orbital peri-
ods of 1 week or less. Observations of the tran sit of 
the extrasolar planet HD 209458b have  resulted in 
the fi rst unambiguous de ter mi na tion of the mass and 
density of an extrasolar planet, as well as the fi rst 
detection of the atmosphere of such a planet. The 
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goal of this work is to extend the transit photo metry 
being done at Ames Research Center (ARC) by 
 developing a pho tom e ter for use at the South Pole.

Reliable detection of a transiting extrasolar planet 
requires observations of at least three transits in 
order to confi rm the periodic nature of the signal. 
Therefore, the detection rate depends strongly on 
the duration and phase coverage of the observations. 
In the ideal case of continuous observation, three 
transits could be seen in three times the longest 
 period to be detected (~7 days). The closest that one 
can get to continuous observation on Earth is during 
the long winter nights at the poles. The South Pole 
is the one of choice because of its permanent sta-
 tion, favorable weather, and excellent as tro nom i cal 
con di tions. The three-transit detection rate at the 
South Pole is three times better than that of a mid-
latitude site, even with time lost because of bad 
weath er—historically estimated at 50%.  That is, 
the detection rate for 1 month of observation at the 
South Pole is equivalent to that for 3 months of ob-
 ser va tion at mid-latitudes. The poles have the added 
advantage of constant elevations for the stars being 
monitored, thereby eliminating the large nightly fl ux 
changes as the stars rise and set.

A prototype photometer for use at the South Pole 
has been constructed and tested at ARC. It is based 
on the Ames Vulcan photometer, which has been 
in operation at the Lick Observatory (Mt. Ham-
ilton, Calif.) for several years. The pro to type, 
“Vulcan-South,” was designed with the goal of 
un der stand ing the operating environment at the 

South Pole. In par tic u lar, the system must be able to 
operate large ly unattended in the extreme cold and 
blowing snow. The prototype was de signed to be as 
close as pos si ble to a fully capable transit detection 
system,  including a science-grade charge-coupled 
device (CCD) camera, full-motion mount, and wide 
fi eld-of-view optics. The mount and camera-frame 
were designed to work at –45º Celsius (–45°C) (the 
late-summer temperature at the Pole), using low-
ther mal-expansion material and dry lubrication. A 
heat ing and insulation system was designed to keep 
the CCD and mount elec tron ics within operating 
spec i fi  ca tions, as well as to protect moving parts 
from blow ing ice crystals. The photometer was 
in stru ment ed to monitor tem per a tures throughout. 
Sub systems were tested in a cold-chamber during 
the design and construction phase.   

The Vulcan-South photometer was deployed to 
 Antarctica in the austral summer of 2001. The 
 system was installed on the roof of the astronomy 
build ing approximately 1 kilometer from the geo-
 graph ic South Pole and operated for 5 days. The 
heating and insulation system worked as designed, 
keeping the CCD camera, optical, and mechanical 
systems be tween –5°C and –15°C, with ambient 
near –35°C. Based on the results of deployment, and 
using au to ma tion developed for the Vulcan project, 
the design of a winter-over photometer for the South 
Pole has been completed.

Point of Contact: D. Caldwell
(650) 604-3119
dcaldwell@mail.arc.nasa.gov

Circumstellar Carbonaceous Dust
Jean E. Chiar, Alexander G.G.M. Tielens

Aromatic (chain-like) hydrocarbon material is pres-
ent in both circumstellar and interstellar en vi ron -
ments. Its presence is evidenced by either emis sion 
or ab sorp tion features, depending on the ex ci ta tion 

con di tions, at wavelengths corresponding to the fun-
 da men tal vibrational frequencies of car bon-car bon 
and carbon-hydrogen bonds.  An in fra red ab sorp tion 
feature has been detected at 6.2 microns 
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(µm) directed toward several objects that sample 
large pathlengths of diffuse interstellar medium 
dust. It was originally proposed that the aromatic 
materials were thus residing in the diffuse in ter -
stel lar me di um, and were not related to the objects 
them selves.

However, our study shows that the 6.2-µm ab sorp -
tion feature is actually circumstellar in nature and 
is pro duced by the WC-type Wolf Rayet stars being 
used to probe the diffuse interstellar medium along 
their line of sight. These results have im pli ca tions 
for dust nucleation in the hostile environment 
around these hot stars, a topic that has only recently 
been theoretically explored. Since the circumstellar 
vi su al extinction toward these objects is minimal 
(about 1 magnitude), these dust grains have to be 
rather large (about 1 µm) and point toward dense 
clumps as the sites of dust formation.

Late-type WC stars, massive hot stars with fast 
dense stellar winds, are undergoing extensive mass 

loss and show the products of helium burning at the 
surface. Since their circumstellar material is carbon-
rich and hydrogen poor, we attribute the absorption 
feature at 6.2 µm in their spectra to cir cum s tel lar 
amor phous carbon dust. 

The 6.2-µm absorption feature is also detected 
 toward the enigmatic cocoon stars in the Galactic 
Cen ter Quintuplet Cluster. Thus, as a corollary, 
our results support a previous suggestion that these 
sourc es are themselves late-type WC stars. This 
absorption fea ture is not detected in the diffuse 
 interstellar me di um toward lines of sight that sam-
 ple only in ter stel lar dust, with no possible con tri -
bu tion from the circumstellar dust of dusty late-type 
WC Wolf-Rayet stars.

Point of Contact: J. Chiar
(650) 604-0324
chiar@misty.arc.nasa.gov

Organics and Ices Toward the Galactic Center
Jean E. Chiar, Andrew J. Adamson, Yvonne J. Pendleton, Douglas C. B. Whittet

High-quality, spatially resolved spectra were 
 obtained with the mid-infrared spectrometer CGS4, 
on the United Kingdom Infrared Telescope, in or-
der to disentangle absorption com po nents owing to 
dense cloud material and diffuse interstellar me di um 
dust along the line of sight toward the galactic  center. 
It was found that both absorption com po nents vary 
 signifi cantly across the small 2-parallax-sec ond 
(2-par sec) fi eld studied, implying small-scale in-
 ho mo ge ne ity in both the (foreground) diffuse inter-
stellar medium and the dense molecular clouds. 
Fig ure 1 shows that the data are uniquely suit ed to 
defi ning the profi les of the dense cloud water-ice 
feature and the diffuse interstellar medium 

3.4- micron (µm) aliphatic (chain-like) hy dro car bon 
fea ture, com pared with previous studies which 
relied on fi tting local con tin ua over a small wave-
 length range. A new dif fuse interstellar medium 
(ISM) absorption feature at 3.3 µm is revealed. 
The central wave length is in dic a tive of polycyclic 
ar o mat ic hy dro car bons (PAHs); however, its width 
is broader than that of the well-studied PAH emis-
 sion features and the ab sorp tion feature seen toward 
the Galactic Cen ter Quin tu plet sources to the north.  
The difference in profi le could be a result of dif fer -
enc es in tem per a ture or carrier(s) or both, which are 
present in these regions. 
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Point of Contact: J. Chiar
(650) 604-0324
chiar@misty.arc.nasa.gov
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Fig. 1. The spectroscopic signatures of key ice and organic dust components along the galactic center line of sight. Ice and hydrocarbon 
absorption vary independently of each other.
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Artifi cial Intelligence Techniques for Large-Scale Surveys of 
Space Science Data
Paul R. Gazis, Aaron Barnes, Clark Glymour

Many problems in space physics require large-scale 
surveys of extensive data sets to identify and clas si fy 
qualitative features such as shocks, discontinuities, 
energetic particle enhancements, or specifi c types of 
spec tra. Such surveys can be dif fi  cult to accomplish 
using conventional pro gram ming techniques, and 
the manpower requirements as so ci at ed with direct 
physical ex am i na tion of the relevant data sets can be 
prohibitive. Artifi cial intelligence (AI) tech niques 
provide a potential solution to many of the problems 
associated with large-scale surveys. AI is a mature 
technology for which the relevant tech niques are 
well-documented and understood; as yet, however, 
the space science community has made little use of 
AI techniques. 

Investigators of the Space Science Division at the 
Ames Research Center, in col lab o ra tion with Carne-
gie Mellon Uni ver si ty, have been ex am in ing a broad 
range of dif fer ent AI techniques to evaluate their ef-
 fec tive ness for large-scale surveys of space sci ence 
data. These tech niques include tra di tion al ex pert 

systems, sta tis ti cal methods, and different neu ral 
network-based ap proach es. Un su per vised clas-
sifi cation using self-organizing maps (SOMs) has 
proved par tic u lar ly productive. A suite of tools have 
been de vel oped, tested, and applied to a wide range 
of prob lems that involve one-di men sion al pattern 
rec og ni tion, such as the classifi cation of visual and 
infrared spectra and the identifi cation of events in 
time series of stel lar occultation or solar wind plas-
 ma and in ter plan e tary magnetic fi eld (IMF) data. 
These tools have already produced valu able results 
in surveys of in ter plan e tary shocks observed by the 
Voyager 1 and 2 and Pioneer 10 and 11 space craft. 
These tools should be useful immediately for many 
problems involving large-scale surveys of extended 
data sets that would be diffi cult or im pos si ble to 
perform using any other means.

Point of Contact: P. Gazis
(650) 604-5704
pgazis@mail.arc.nasa.gov

Origin of the Thermal Inertia Continents on Mars
Robert M. Haberle

The surface of Mars can be classifi ed into two ma jor 
“con ti nents” which are distinguished by the abil i ty 
of their surface material to respond to solar heat ing. 
Low-thermal-inertia continents respond rapidly to 
solar heating and experience signifi cant daily vari-
 a tions in surface temperature. High-ther mal-inertia 
continents respond less rapidly to solar heating and 
experience much more subdued tem per a ture swings. 
These dif fer ent behaviors result from the nature of 
the sur face materials composing these continents. 
The low-thermal-inertia continents contain fi ne 

sandy materials (poor thermal con duc tors) and the 
high-thermal-inertia regions con sist of hard con sol i-
 dat ed rocky materials (good thermal conductors). 
These continents have fairly well-de fi ned bound-
 aries and occupy vast regions of the planet. The 
question is how did they come about?

The answer appears to be related to the planetʼs 
 global scale wind systems, which in turn are 
strong ly con trolled by topography. The low-ther-
 mal-inertia continents represent accumulations of 
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fi ne particles, which settle out of the atmosphere. In 
these regions, winds are relatively calm, and once 
the dust settles to the sur face it tends to stay there. 
On the other hand, the high-thermal-inertia regions 
are subject to strong winds, which scour the surface 
clean and expose the underlying bedrock.

This hypothesis was tested with the Ames Research 
Center Mars General Circulation Model (GCM). 
The GCM predicts Martian wind systems using 
state-of-the-art numerical methods. These winds 
were then used to estimate how much dust could be 
lifted annually from the surface, a quantity called 
the “defl ation potential.” The spatial distribution 
of the defl ation potential was examined for a vari-
ety of orbital confi gurations because Mars  ̓orbital 
prop er ties are known to oscillate considerably 
on time scales ranging from tens of thousands of 
years to millions of years. In particular, the planetʼs 
obliq ui ty (the angle between its spin axis and orbit 

plane) may have varied anywhere from almost 0° 
to as high as 60° during the past 20 or 30 million 
years or so. Such changes were found to have a 
profound effect on the planetʼs climate system. Yet, 
sur pris ing ly, the regions of low thermal inertia never 
ex pe ri enced signifi cant defl ation events regardless 
of the plan etʼs orbital confi guration. Figure 1 shows 
a typ i cal spa tial pattern of the defl ation potential as 
simulated by the GCM. Also shown is the present 
day dis tri bu tion of thermal inertia; the correlation is 
re mark able.

If surface winds never get strong enough to erode 
away the fi ne material in the low-thermal-inertia re-
gions, then it implies that these “continents” are old, 
much older than previously thought. In fact, these 
ac cu mu la tions must have begun very early in the 
planetʼs history—3.5 billion years ago—when its 
topography stabilized to near its present el e va tion. 
This notion can be easily tested with future 
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Fig. 1. Color shading indicates thermal inertia in Système International (SI) units. Scale bar is on the right. Black contours represent GCM 
prediction of the defl ation potential in cen ti me ters. Note the high positive correlation between the defl ation potential and thermal inertia.

P L A N E T A R Y  S C I E N C E
G L O B A L  C I V I L  A V I A T I O N   / SAFETY  P L A N E T A R Y  S C I E N C E
G L O B A L  C I V I L  A V I A T I O N   / SAFETY  



104 G L O B A L  C I V I L  A V I A T I O N   / SAFETY  

The Center for Star Formation Studies
D. Hollenbach, K. R. Bell

The Center for Star Formation Studies, a con sor tium 
of scientists from the Space Science Division at Ames 
Research Center (ARC) and the astronomy de part -
ments of the Uni ver si ty of California at Berkeley 
and San ta Cruz, con ducts a coordinated program of 
the o ret i cal re search on star and planet formation. 
The Center, under the di rec tor ship of D. Hollenbach 
(NASA Ames), sup ports postdoctoral fellows, se nior 
vis i tors, and stu dents, meets regularly at ARC to 
ex change ideas and to present informal seminars on 
current re search, hosts visits of outside scientists, 
and con ducts a weeklong workshop on selected 
 aspects of star and planet for ma tion each summer.

In July 2001 the Center held an international 
work shop entitled “Star Formation in the Galactic 
 Context” on the University of California at Santa 
Cruz campus. The weeklong workshop had ap prox i-
 mate ly 130 attendees, and included an invited talk 
by D. Hollenbach on “Neutral Phases of the In ter -
stel lar Medium: Is Star Formation Self-Regulated 
by the Ultraviolet Field in a Galaxy?” 

One focus of the ARC portion of the research work 
in the Center in 2001 was on the study of the ther-
 mal balance, chemistry, dynamics, and spectra of 
disks of gas and dust orbiting young stars. These 
disks, called protoplanetary disks, are the birth-
 plac es of planets; they originally consist primarily 
of mo lec u lar hydrogen gas, small amounts of other 
gaseous species such as carbon monoxide, and a 
small admix ture of dust particles. A number of pro-
 cess es heat the gas and dust in these disks, includ-
ing ra di a tion from the central star, radiation from a 

near by lu mi nous star, and the gravitational energy 
released as the gas and dust spirals toward the star. 
Previous researchers have focused on the heating 
of the dust and on the infrared spectrum of the dust; 
ARC  researchers focused on the gas and on the 
infrared and millimeter-wavelength emission from 
the gas. Com par i son of data from NASA missions 
(see  below) with these models provides constraints 
on the dis tri bu tion of gas and dust and on the like-
 li hood and duration of planet formation. In addition, 
the heat ing in the outer regions of the disks can 
be suf fi  cient to drive evaporation of the outer disk 
re gions in times that are short compared with the 
times  required for planet formation, and thus can 
thwart or modify planet formation in the outer parts 
of the disk. These models were used to explain the 
smaller size and lack of hydrogen in Uranus and 
Neptune compared with Saturn and Jupiter.

Another focus of the ARC portion of the Center 
re search in 2001 involved a study of dust particles 
in the optically thin dust layer at the surfaces of 
these protoplanetary disks. Only a very thin layer of 
dust particles is directly exposed to radiation from 
the central star; the rest of the disk is heated by the 
emis sion of infrared photons from this dust layer. 
Because dust absorbs stellar radiation effi ciently but 
radiates only ineffi ciently in the infrared, this dust 
layer is typically hotter than the underlying disk 
photosphere and thus may dominate the emission 
from the entire system at certain wavelengths. In 
order to use observations to understand processes 
occurring in the underlying disk, emission from 
this dusty surface layer must be accounted for. In 

landers or sample-return missions. If correct, it 
means there is a readily accessible climate record 
that dates back to very early in the planetʼs history.

Point of Contact: R. Haberle
(650) 604-5491
Robert.M.Haberle@nasa.gov
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Understanding the Cloudy Skies of Brown Dwarfs
Mark Marley, Andrew Ackerman, Richard Freed man

 addition, these dust particles produce features in the 
in fra red that reveal the mineralogical, chemical, and 
geometric properties of the diskʼs grain population, 
thus providing clues to processes occurring in the 
disk below.

The theoretical models of the Center have been used 
to interpret observational data from such NASA 
facilities as the Infrared Telescope Facility (IRTF), 
the Infrared Astronomical Observatory (IRAS), the 
Hubble Space Telescope (HST), and the Infrared 
Space Observatory (ISO, a European space tele-

 scope with NASA collaboration), as well as data 
from numerous ground-based radio and optical 
tele scopes. In addition, they have been used to de-
 ter mine require ments on future missions such as the 
Strato spher ic Observatory for Infrared As tron o my 
(SOFIA) and the Space Infrared Telescope Facility 
(SIRTF).

Point of Contact: D. Hollenbach
(650) 604-4164
David.J.Hollenbach@nasa.gov

Unlike the conditions in a normal star, the tem-
 per a tures and pressures inside a brown dwarf are 
too small to ever ignite its nuclear furnace. Hence 
as it ages, a brown dwarf cools by radiating its 
pri mor di al energy away to space. During this pro-
cess a number of important species condense and 
form clouds within the objectʼs visible atmosphere. 
First iron, then silicates, and later water form thick 
clouds. With over 200 brown dwarfs now known, an 
understanding of these clouds is critical to mod el ing 
brown dwarf atmospheres and interpreting their 
spectra. An innovative collaboration between space 
and atmospheric scientists at Ames Research Center 
has fo cused on understanding these un usu al clouds 
in the atmospheres of brown dwarfs. The lessons 
gained from modeling cloudy brown dwarf at mo -
spheres will also be directly applicable to the fi rst 
ob ser va tions of extrasolar giant planets, which are 
expected to also have cloudy at mo spheres.

Whether for a planetʼs or a brown dwarfʼs at mo -
sphere, an atmospheric model predicts the varia-
tion in tem per a ture and chemical composition with 
height. Cou pled with a description of any clouds, 
this in for ma tion allows model spectra to be com put ed 
and compared with observations. For cloud less 

 atmospheres, the modeling procedure is rel a tive ly 
straight for ward; adding clouds to the mod el ing mix, 
however, severely complicates the cal cu la tion. Pre-
 vi ous ly, workers studying brown dwarfs have either 
ignored the effects of clouds com plete ly or included 
extraordinarily simplistic clouds that did not behave 
as do real clouds in the Solar System. Both ap proach es 
failed to reproduce the characteristics of observed 
brown dwarfs. Spe cifi   cal ly they predict infrared 
colors for the warmer class of brown dwarfs known 
as L dwarfs that are either much red der or bluer than 
is observed to be the case. Sec ond ly the sim plis tic 
models cannot reproduce the change in color, from 
red to blue, as the L types evolve to the cooler T 
type brown dwarfs. 

The new cloud model captures some of the most 
important physics that governs clouds in Earthʼs 
atmosphere. Most importantly the model includes 
the effects of sedimentation of cloud particles, 
 essentially rainfall. Models that include sed i men t-
a tion produce physically thinner clouds with larger 
par ti cles than those postulated by other research 
groups. Unlike complex terrestrial cloud models, the 
new brown dwarf model has only a small num ber of 
free parameters, one of the most im por tant of 
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The Ultraviolet Photodecomposition of Martian Carbonates
Richard C. Quinn, Aaron P. Zent, Christopher P. McKay

which is a “sedimentation effi ciency factor.” In ter -
est ing ly, effi ciency factors of 3 to 5 can reproduce 
some essential aspects of both deep cumulus clouds 
on Earth and ammonia clouds in the atmosphere of 
Jupiter.

When used in brown dwarf atmosphere models, 
the new cloud formulation produces much better 
results than previous efforts. The model not only 
re pro duc es the red colors of the L dwarfs and the 
blue colors of the T dwarfs, it also allows, for the 
fi rst time, a con sis tent explanation for the transition 
be tween these two brown dwarf types. As iron and 
silicate clouds form progressively deeper in cooling 
brown dwarfs, they sink from sight. The removal of 

silicate and iron grains then allows water and meth-
 ane at mo spher ic absorption to pull brown dwarf 
colors blueward. Previous models that ignored 
sed i men ta tion produced clouds that were much too 
thick; thick clouds prevented the color transition 
from ever occurring in those cases. Interestingly, the 
same sed i men ta tion effi ciency factor that best re pro -
duc es some terrestrial and Jovian clouds also best 
de scribes “rainfall” in the atmospheres of brown 
dwarfs.

Point of Contact: M. Marley
(650) 604-0805
mmarley@mail.arc.nasa.gov

The effect of ultraviolet (UV) light on the sta bil i ty 
of calcium carbonate (CaCO3) in a simulated Mar-
 tian at mo sphere was experimentally in ves ti gat ed. 
Sam ple cells containing 13C-labeled calcite (most 
common form of CaCO3) were irradiated with a 
xenon arc lamp in 10 millibars (mbar) of sim u -
lat ed Martian atmosphere, and a mass spec trom e ter 
was used to monitor the headspace gases for the 
pro duc tion of 13CO2 (carbon di ox ide). We have 
seen no evidence of UV-decomposition of CaCO3
when the calcite sample is exposed to UV light in 
a simulated Mar tian atmosphere at 10 mbar. Based 
on the ex per i men tal lower limit of detection, the 
upper limit of pho to de com po si tion on Mars is 3.5 x 
10-8 mol e cules/pho ton. However, it is most likely 
that UV pho to de com po si tion of CaCO3 does not 
occur on Mars, because of the high pressure of at-
 mo spher ic CO2. In vacuum, the decomposition of 
CaCO3 may occur as a result of the photodetach-
ment and pho to dis so ci a tion of CO   radical defects 

generated by UV light. In a CO2 at mo sphere, the 
decomposition of CaCO3 is sup pressed by the refor-
mation of the UV-gen er at ed CO   by adsorbed CO2
and surface O- radicals.

In the event that photodecomposition is occurring at 
rates below 3.5 x 10-8 molecules/photon, the depth 
to which carbonate is decomposed in the regolith 
will be limited by the rate at which unreacted ma-
 te ri al is exposed through wind abrasion and the 
rate at which mechanical mixing of the regolith can 
cycle car bon ates to the surface. Based on our upper 
limit of photodecomposition on Mars, the maxi-
mum depth of a carbonate-free zone in the regolith 
would be 10 meters (m). However, assuming that 
the for ma tion of a carbonate-free zone is limited by 
the pho to de com po si tion rate, and not by the erosion 
rate, the actual depth of the zone will depend on the 
rate and depth of mechanical mixing of the soil. If 
the mix ing zone is less than 10 m deep, the depth of 
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Refl ectance Spectra of Titan Tholins at Cryogenic 
Temperatures
T. L. Roush, J. B. Dalton

the car bon ate-free zone will equal the depth of the 
mixing zone. If the mixing zone depth exceeds 
10 m, the amount of carbonate moved to the surface 
will ex ceed the total load of carbonate that can be 
 removed from the surface over geological time, 
 resulting in a nonzero gradient which will move 
car bon ate back into the upper 10 m of the regolith.

Compositional interpretation of remotely obtained 
refl ectance spectra of outer Solar System surfaces is 
achieved by a variety of methods, including match-
 ing spectral curves, matching spectral features, 
quan titative spectral interpretation, and theoretical 
mod el ing of spectra. All of these rely on laboratory 
measurements typically obtained with the sample 
at ambient temperatures and pressures. However, 
 surface temperatures of objects in the outer Solar 
Sys tem are signifi cantly cooler than ambient lab o -
ra to ry conditions. It has been clearly illustrated that 
the infrared spectra of silicate materials change as 
a function of sample temperature, and that these 
chang es can have a signifi cant effect on com po si -
tion al interpretations.

The optical constants of Titan tholin, a solid residue 
created by energetic processing of H-, C-, and 
N-bearing gases, have been used as a coloring agent 
in compositional models of several outer Solar Sys-
 tem surfaces. Because these surfaces are well below 
room temperature, we have undertaken a laboratory 
study to measure the refl ectance spectra of Titan 
tholin with the sample at temperatures of ap prox i-
 mate ly 310 kelvin (K), 300 K, 280 K, 270 K, 250 K, 
200 K, 150 K, and 100 K. A subset of these spec tra 
is shown in fi gure 1.

At low temperature, the visual and near-infrared 
colors of Titan tholin become redder, that is, the 
refl ectance increases more at longer wavelengths 

(to ~1.3 microns (µm)) than it does at shorter wave-
 lengths, by ~5% as the material cools from 300 K to 
100 K.

We estimate the effects of temperature on com po si -
tion al in ter pre ta tion as follows. The observed ~5% 
color change is used as a guide to adjust the Titan 
tholin optical constants reported by others. The 
imag i nary index of refraction was decreased chiefl y 
in the 0.6–1.3-µm wavelength region cor re spond ing 
to the most noticeable spectral changes in the re fl ec -
tance data.
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Fig. 1. Measured refl ectance spectra of Titan tholins at various 
temperatures.

Point of Contact: R. Quinn
(650) 604-6501
rquinn@mail.arc.nasa.gov
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New Algorithms for Mining Time Series and Image Databases
Jeffrey D. Scargle

Titan tholin has been used previously in modeling 
the surface of the Centaur Pholus. These cal cu -
la tions were repeated, and the results are shown 
in fi g ure 2. Then the original Titan tholin optical 
con stants were replaced with the values altered to 
 account for tem per a ture effects. The results are also 
shown in fi gure 2. After comparing the results, it 
was con clud ed that unless there is a sudden change 
at even lower tem per a tures, the temperature effects 
will likely have little infl uence on the compositional 
in ter pre ta tion of the Pholus spectrum.

Point of Contact: T. Roush
(650) 604-3526
Ted.L.Roush@nasa.gov

Fig. 2. Estimate of the infl uence of temperature effects on model 
spectra of Pholus. The red curve is based on the original model 
and the blue curve includes the estimated infl uence of low 
tem per a tures on the optical constants of Titan tholin within the 
same mixture.
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A collection of algorithms for extracting structural 
information from time series and image data has 
been developed, based on Bayesian segmentation 
theory. Once the observational errors in the data 
have been mod eled, the procedure is fully au to -
mat ic, yielding high-level feature information. The 
software has been tested on synthetic data of known 
properties, and applied to the analysis of time-series 
data from the Compton Gam ma-Ray Observatoryʼs 
Burst and Transient Source Experiment (BATSE) 
and to two-dimensional po si tion al data from the 
Palomar Distant Cluster Survey. Application of the 

software to spatial power spectrum data on the cos-
 mic background radiation, the solar neutrino fl ux as 
a function of time, the detection of plan e tary transits 
in various datasets, and to other as tro phys i cal prob-
 lems is in progress. Extension to cluster anal y sis in 
high-dimensional data sets and other data mining 
contexts is under way.

Point of Contact: J. Scargle
(650) 604-6330
Jeffrey.D.Scargle@nasa.gov
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Grain Properties of Solar System Comets
Diane Wooden, David Harker, Charles Woodward

The observation of Solar System comets yields 
 insight into the conditions of the primordial solar 
neb u la be fore the gas and ices were swept up into 
cometesimals. Mid-infrared observations provide 
information on the mineralogical content and size 
distribution of the dust in comets. 

Modeling of the thermal properties of dust grains 
has been successfully performed on several Solar 
System comets including comet Hale-Bopp. Since 
Hale-Bopp was an extraordinarily bright comet, the 
Ames Hi-effi ciency Faint Object Grating Spectro-
meter (HIFOGS) obtained spectrophotometric data 
at mid-infrared wavelengths of 7.5–13.5 microns 
(µm) at epochs pre- and post-perihelion. In addi-
tion, far-infrared spectra were obtained at 15–22 
µm post-peri he lion. Modeling of the dust grains 
in Hale-Bopp showed that (1) the amorphous dust 
grains became more porous as the comet ap proached 
perihelion; (2) the amount of crys tal line dust grains 
increased with a decrease in heliocentric distance; 
and (3) the dust grains became less porous as the 
comet receded from perihelion. The latest ob ser -
va tions of short-period comet 19P/Borrelly show 
that the dust grains from this comet are much larger 
than those from Hale-Bopp.

Learning about the mineralogical content of comets 
such as Hale-Bopp yields insight into solar nebula 
pro cess es. For example, the existence of crystalline 
silicate in comets suggests that amorphous grains 
(which all but dominate the interstellar medium, out 
of which the solar nebula formed) have to be pro-
 cessed at tem per a tures greater than 1,000 kelvin to 
form crystalline silicates. Such a processing mech-
 a nism implies that either the grains needed (1) to be 
trans port ed close to the Sun to be heated, crys tal -
lized, and then transported out to the comet-forming 
zones where they formed icy mantles before being 
in cor po rat ed into cometary bodies, or (2) that some 
pro cess, such as a nebular shock wave resulting 
from gravitational instabilities in the early proto-
planetary disk, heated the amorphous silicate grains 
to a high enough temperature over a suf fi  cient 
 period of time for the grains to be crystallized.

Constraining the properties of dust grains in comets 
in conjunction with studies of the chemical makeup 
of Solar System bodies leads to a better un der -
stand ing of the thermal processing, radial transport, 
and structure of protoplanetary accretion disks. 

Point of Contact: D. Wooden
(650) 604-5522
Diane.H.Wooden@nasa.gov

Static Stability of Jupiter’s Atmosphere
Richard E. Young, Julio A. Magalhães, Alvin Seiff

One of the particular scientifi c objectives of the Gal-
ileo Probe Mission to Jupiter was to determine the 
static stability of Jupiterʼs atmosphere. Static stabil-
ity is defi ned as the difference between the vertical 
gradient of temperature in an atmosphere, called the 
temperature lapse rate, and the adiabatic lapse rate. 
The adiabatic lapse rate is the rate of change of tem-
perature with height that would occur if temperature 

depended on pressure in the same way as it would 
for an adiabatic compression or expansion of atmo-
spheric gas parcels. 

Static stability is one of the most fundamental prop-
 er ties of a planetary atmosphere; it represents the 
stability of the at mo sphere to vertical over turn ing or 
mixing. The characteristics of the dynamic me te o 
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rol o gy of an atmosphere directly depend on how 
large or small the static stability is. An at mo sphere 
having zero static stability will exhibit large verti-
cal mixing of air parcels, such that, for ex am ple, a 
 parcel of air near the surface can easily be carried 
to high altitudes by winds. On the other hand, if the 
atmosphere has large static stability, it is quite dif-
 fi  cult for an air parcel originally near the surface to 
be lifted to high altitudes, and therefore that parcel 
will tend to remain near the surface. 

When the Galileo probe, which was managed by 
Ames Research Center, entered Jupiterʼs at mo -
sphere on 7 De cem ber 1995, instruments onboard 
mea sured the tem per a ture and pressure of Jupiterʼs 
at mo sphere as the probe descended. Although these 
data have pre vi ous ly been analyzed in efforts to 
compute the stat ic stability of Jupiterʼs atmosphere, 
error sources as so ci at ed with the pressure sensors, 
caused by unpredicted thermal excursions in the 
probe in te ri or, cast serious doubt on the results.

Because the static stability of a planetary at mo sphere 
is such an important factor in the dynamic meteor-
ology of the planetʼs atmosphere, a method was 
de vel oped in the past year that avoided com plete ly 
the errors induced in the probe atmospheric pressure 
sensors. For a hydrostatic, ideal gas at mo sphere, it 
can be shown that for a probe in equi lib ri um descent 
(aerodynamic drag balanced by grav i ty), the temper-
ature measurements alone can be used to derive the 
static stability. Unlike the pres sure sen sors, the Gali-
leo probe atmospheric temperature sensors were un-
affected signifi cantly by the thermal excursions that 
occurred in the probe interior. Thus this method has 
been applied using only Galileo probe at mo spher ic 
temperature data to derive the Jovian at mo spher ic 
static stability. 

Based on radiative convective models of Jupiterʼs 
atmosphere, it was anticipated that the atmosphere 
was neutrally stable, that is, had zero static stabil-
ity. However, observed dynamical features in the 
at mo sphere seemed to imply a small positive static 
 stability. The results from the analysis show that 
the at mo sphere to a depth corresponding to about 
20 bars pressure generally is statically stable, ex hib -
it ing a static stability of the order of 0.2 kelvin per 
kilo meter. The stability varies with pressure, such 
that over limited altitude regions the stability be-
comes small, but in general the stability is positive. 

The implications of a stable Jovian atmosphere are 
signifi cant. The tidal energy dissipation which is 
associated with orbital evolution of the Galilean 
moons of Jupiter, and in particular the volcanism on 
the moon Io, depend on the stability of the Jovian 
atmosphere. The banded structure of Jupiter as so -
ci at ed with east-west jet streams requires a stable 
 atmosphere if the winds extend to large depths. 
 Atmospheric wave modes observed to occur at 
many locations are sensitive functions of the sta-
 bil i ty. The mode of transport of internal heat fl ux 
from the deep interior of Jupiter, that is, convective 
ver sus radiative heat transport, depends on whether 
the atmosphere is neutrally stable or statically 
stable, as does the latitudinal distribution of the heat 
fl ux. For all these reasons the derivation of a posi-
tive static stability in Jupiterʼs atmosphere to at least 
20 bars pressure is an important fi nding.

Point of Contact: R. Young
(650) 604-5521
Richard.E.Young@nasa.gov
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Carbon Dioxide Cycling and the Climate of Early Earth
Kevin Zahnle, Norm Sleep

The continental cycle of silicate weathering and 
meta morphism dynamically buffers atmospheric 
carbon di ox ide (CO2) and climate on geological 
time scales. In this cycle, silicate rocks and at mo -
spher ic CO2 react with the aid of water to form, 
ul ti mate ly, silica and carbonate rocks. The cycle is 
bal anced by the metamorphic branch of the rock 
cycle, in which carbonate rocks are cooked under 
pressure to release carbon dioxide gas back into the 
atmosphere. The carbonate cycle acts as a negative 
feedback loop that limits cli mate change on time 
scales of a 100 million years. Carbon di ox ide is an 
important greenhouse gas. When the cli mate is warm, 
CO2 and silicate rocks react more quick ly. Mean-
 while the con ti nen tal rock cycle pro duc es meta-
 mor phic carbon dioxide gas from old carbonates at 
a more-or-less constant rate. Thus the net CO2 in 
the air decreases, and so the climate is cooled. On 
the other hand, when the cli mate is cold, the reac-
tion between CO2 and silicate rocks slows down, 
CO2 builds up in the at mo sphere, and the climate 
warms. Because the re ac tion rate between CO2 and 
silicates is ex po nen tial ly sensitive to  temperature, 
the neg a tive feed back is strong, and the climate 
stays  temperate.

Over still longer time scales—billions of years—
two other factors become important. The fi rst is 
that the Sun evolves. When the Earth was young, 
the Sun was only about 70% as luminous as it is 
today.  Because Earthʼs orbit is not thought to have 
changed much since Earth was fully accreted some 
4.4 bil lion years ago, early Earth presents a puzzle: 
geo log i cal evidence suggests that Earth has usually 
been warm enough to have had liquid water oceans, 
with tem per a tures and hydrologic cycles not grossly 
dif fer ent from those today. Yet the early Sun was 
so faint that, without a signifi cantly stronger green-
 house than today, the Earth should have been en-
 cased in ice. The traditional view has been that the 
con ti nen tal weathering cycle described above keeps 
pace with the evolving Sun to keep climate clem-

ent.  Atmospheric CO2 levels would have been 100-
1,000 times higher than they are today. How ev er, 
geological evidence, albeit scant, indicates that there 
was not nearly this much CO2 during the Archean 
Eon ca. 2.5-3.8 billion years ago. 

The second important difference on billion-year 
time scales is that the fl uxing of carbon dioxide 
into and out of the mantle becomes important. In 
the mantle branch of the cycle, CO2 is outgassed at 
mid-ocean ridge axes where mantle rocks well up to 
the sur face, while subduction of cold carbonatized 
oceanic  basalt and pelagic sediments return CO2 to 
the man tle. This too is a negative feedback loop, be-
 cause the amount of basalt carbonatization  depends 
on CO2 in seawater and therefore on CO2 in the air. 
However this feedback cycle does not de pend on the 
climate. The mantle cycle would have kept at mo -
spher ic and oceanic CO2 reservoirs at lev els where 
the climate was cold before ca. 2 billion years ago 
unless  another greenhouse gas was im por tant. At 
times when life was present on Earth, an attractive 
can di date greenhouse gas was methane, which the 
biota produced in vast amounts and which makes a 
very effective greenhouse gas. But before life arose, 
Earth was likely to have been on average quite cold.

The earliest Earth, the time before 3.8 billion years 
ago called the Hadean, is contemporaneous with 
the heavy impact bombardment of the Moon. Earth 
was subject to many and frequent impacts by large 
as ter oids or comets. Chemical reaction of CO2 with 
 voluminous impact ejecta and its eventual sub duc -
tion imply very low levels of atmospheric CO2 and 
small crustal carbonate reservoirs in the Hadean. 
Despite its name, the Hadean climate would have 
been freez ing unless tempered by other greenhouse 
gases.

Point of Contact: K. Zahnle
(650) 604-0840
Kevin.J.Zahnle@nasa.gov
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The Martian Regolith and Climate
Aaron P. Zent, Richard C. Quinn

Our objectives in FY01 were to elucidate the role 
of the Martian regolith in controlling and re cord ing 
the history of the Martian climate. During FY01, we 
addressed the question of whether water vapor fi nds 
a substantial diurnal reservoir in the Martian re golith. 
Data from observations vary as to wheth er or not 
the atmospheric column abun dance of H2O var ies 
as a function of time of day. Some ob ser va tions, 
chiefl  y from ground-based telescopes and Russian 
space craft, indicate a tremendous variation over 
the course of a day. Other observations, specifi cally 
those from Path fi nd er and the Viking Orbiters, are 
most easily in ter pret ed to indicate no diurnal vari a -
tions in H2O column abundance. Computer models 
of the at mo sphere are unable to predict diurnal vari-
 a tions in atmospheric H2O abun dance. The sim plest 
way to force substantial exchange is to posit that 
the  Martian surface is locally covered with a highly 
adsorbing clay. These clays have larger ad sorp tive 
capacity than ordinary silicates, because they have 
interlayer sites that are available for ad sorp tion.

In order to force computer models to predict strong 
diurnal H2O exchange, the clays must equilibrate 
with the surrounding pore gases rapidly. However, 
the equilibration process is temperature depen-
dent, and it is not clear that clays can play a role in 
 exchanging a substantial fraction of the atmospheric 
column. 

To address this issue, we measured adsorption 
 uptake in sodium-rich clay from Wyoming. In fi g ure 
1, we show the results of the uptake ex per i ments. 
The simplest interpretation of the data is ev i dent 
in the equilibration time of the two lowest curves. 
When the soil is held at 211 kelvin (K), the ad-
sorbed pop u la tion continues to increase through out 
the ex per i men tal period, up to 50 hours. In con trast, 
the case where the soil temperature is held at 273 K, 
and the relative humidity (RH) is held at 4%, ap-

pears to equil i brate over the course of a few hours. 
 Adsorption on Martian clays is not a plau si ble 
mech a nism by which to account for strong diurnal 
vari a tions in the H2O column abundance of the 
Mar tian at mo sphere.

Also in FY01, we completed a collaborative study 
of H2O melting on the Martian surface. The times 
and locations where the surface pressure and surface 
temperature meet the minimum requirements for 
this metastability of liquid water were calculated. 
These requirements are that the pressure and tem-
 per a ture must be above the triple point of water, 
but below its boiling point. There are fi ve regions 
on Mars where these requirements are periodically 
 satisfi ed: in the near equatorial regions of Amazonis, 
Arabia, and Elysium, and in the Hellas and Argyre 
impact basins. Whether liquid water ever forms in 
these regions depends on the avail abil i ty of ice and 
heat, and on the evaporation rate. The latter is poor-
 ly understood for low pressure CO2 en vi ron ments.

Point of Contact: A. Zent
(650) 604-5517
Aaron.P.Zent@nasa.gov
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Fig. 1.  The uptake of water by Mars-analog clays.
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Focal-Plane Detector Array Development for Astronomy in 
Space
Mark E. McKelvey, Kimberly A. Ennico, Roy R. Johnson, Robert E. McMurray, Jr., Craig R. McCreight

A team at Ames Research Center is evaluating the 
suitability of a number of detector and readout-de-
 vice technologies for space-infrared (IR) astron  omy 
applications. This program aims to foster de vel -
op ment of focal plane array (FPA) de tec tor tech-
 nol o gy that will allow reliable back ground-limited 
infrared astronomy from future Space 
Science/Origins mis sions such as the Next Gen-
 er a tion Space Telescope (NGST). Mi cro elec tron ics 
ad vanc es to provide low-noise, low-power device 
operation in the space ra di a tion environment are 
keys to the success of this program.

Evaluations at Ames of state-of-the-art Impurity 
Band Con duc tion (IBC) focal plane detector arrays 
are continuing for applications in the mid-infrared 
(5-30-micron (µm)) wavelength range. IBC de tec -
tors rely on a thin, highly doped IR-active layer to 
pro vide high quantum effi ciency from a small 
detector vol ume, minimizing the ionization cross 
section for cosmic ray events. A high-purity block-
 ing layer prevents excessive dark current, despite 
the high doping levels in the IR-active layer. IBC 
arrays also exhibit wider spectral response than 
alternative photoconductor (PC) architectures, with-
 out many of the performance anomalies associated 
with PC de vic es. IBC architectures are well suited 
to modern epitaxial fabrication methods, and the 
technology has progressed to the point where large-
format hy brid FPAs sensitive to IR wavelengths as 
long as 28 µm can be reliably produced.

Work in FY01 was concentrated on helping ad-
vance the state of the art of large-format mid-IR 
IBC detec tor arrays to the megapixel class, work-
ing with Raytheon Infrared Operations to extend 
the suc cess ful CRC-744 device used in the Infrared 

Array Cam era (IRAC) on the Space InfraRed Tele-
scope Facility (SIRTF). The new SB226 readout 
utilizes the simplifi ed unit cell architecture and 
sampling techniques developed for the IRAC (fi gure 
1). Eval u a tions at Ames of SB226 lot samples and 
a complete hybrid verifi ed modest improvement 
over IRAC-level performance in a device which 
in creas es format by a factor of 16.

The Ames test laboratoryʼs role in the NGST 
includes testing both near-infrared (1-5 µm) and 
mid-infrared (5-28 µm) candidate detector ar rays 
in simulated on-orbit radiation environments, us-
ing the 76-inch Crocker Cyclotron on the campus 
of the University of California at Davis (UCD) to 
provide a high-energy proton beam for device test-
 ing. Pre vi ous radiation tests conducted at UCD by 
Ames personnel over the last several years have 
shown a marked difference in radiation-damage 
sus cep ti bil i ty between similar arrays from different 
man u fac tur ers. This damage is manifested as dose-
de pen dent activation of dark current that is of crucial 
im por tance to the NGST science mission. The re-
 sults of the Ames tests are fed directly back into the 
man u fac tur ing process in order to help ad vance the 
state of the art. The test group will continue to play 
an im por tant role in the defi   ni tion and ex e cu tion of 
the NGST detector de vel op ment program.

Other recent efforts involve continuing hardware 
and software upgrades to the suite of test in stru -
men ta tion maintained in our detector laboratory. 
Recent upgrades have allowed easier manipulation 
of the data fi les collected from these large-format 
detector arrays. Further experimentation and op-
 ti mi za tion of both hybrid focal-plane-arrays and 
el e men tal elec tron ic devices will continue in the 
next year, with 
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close interaction with user and man u fac tur ing com-
 mu ni ties. Our work on maturing IBC tech nol o gy and 
improved readouts will continue, along with other 
sensor technologies in our ongoing efforts to 
enhance overall IR focal plane per for mance in 
NASA space- and ground-based ap pli ca tions.

Fig. 1. 1024 x 1024 Si:As SB-226 detector array in low-background test Dewar.

Point of Contact: M. McKelvey
(650) 604-3196
Mark.E.McKelvey@nasa.gov
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A Lightweight, High-Effi ciency Pulse Tube Cryocooler for 
Spacefl ight Applications
Louis J. Salerno, Peter Kittel, Ali Kashani, Ben Helvensteijn

Zero boil-off (ZBO) cryogen storage using cryo-
coolers and passive insulation technologies has 
received sig nifi   cant attention by NASA over the 
past few years. Conventional passive cryogenic 
stor age systems can have suffi cient heat input to 
cause the loss of about 1% of the cryogen per month 
from boil-off. In planning missions with storage 
times greater than 1 year, the resultant growth in 
tank size and mass to achieve lifetime requirements 
can make the cost of the mission prohibitive. The 
longer the mission duration, the more im por tant this 
becomes. To be affordable, long-term exploration 
missions require lower tank capacity and longer 
storage times. This dictates that boil-off be either 
eliminated or signifi cantly reduced. 

Zero boil-off cryogen storage using (1) cryocoolers 
to either directly cool the cryogen with a circulation 
loop or reliquefy boil-off vapor, and (2) improved 
passive insulation technologies will enable long-
term ex plo ra tion missions by allowing designers to 
optimize tankage without the need for excess cryo-
 gen storage. Studies of ZBO have been ongoing in 
the United States for several years; however, to suc-
 cess ful ly implement ZBO in a fl ight con fi g u ra tion, 
low-mass, high-effi ciency cryogenic coolers must 
be available. As the result of a joint de vel op ment 
program between NASA and the Department of 
Defense (DoD), a lightweight, high-ef fi  cien cy pulse 
tube cooler was recently delivered to the Ames Re-
 search Center by TRW (fi gure 1). This cooler was 
designed for ZBO storage of liquid ox y gen or liquid 
methane. The design operating point of the cooler 
is 10 watts at 95 kelvin (K) with a rejection tem-
 per a ture of 300 K; the goal is a 10-year operating 
life time. The cooler has a mass of less than 4.0 ki lo -
grams, and an effi ciency of 13 watts input per watt 
of cooling. This is nearly 1.5 times the ef fi  cien cy 
of previous cooler designs, and approximately one-
third the mass. The pulse tube is built by TRW, and 

the compressor is built by Hymatic En gi neer ing, in 
the United Kingdom. TRW integrates the compres-
sor with the pulse tube and performs fi nal testing of 
the assembly.

NASAʼs near-term plans call for the Glenn Re search 
Center (GRC) and the Marshall Space Flight Cen-
ter (MSFC) to integrate the cooler into a ZBO test 
bed at MSFC for further testing, as preparation for 
a possible fl ight-like test in the future, using com-
 po nents sized to simulate an actual fl ight scenario, 
including tank, ra di a tor, attachment straps, and mix-
 ers. The cooler could be used directly in liquid ox-
 y gen (LOx) or liquid meth ane ZBO systems.

Fig. 1. High-effi ciency, pulse tube cooler.
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The cooler has been integrated into a cryostat for 
performance testing at both 280 K and 300 K re-
 jec tion temperatures. Pre lim i nary results operating 
the cooler at a rejection temperature of 300 K have 
shown that the cooler maintains 95 K with 10 watts 
applied to the cold block.

Point of Contact: L. Salerno
(650) 604-3189
Louis.J.Salerno@nasa.gov
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K9 Planetary Exploration Rover Prototype
Maria Bualat

The K9 rover, a planetary exploration rover pro-
 to type, is a testbed and demonstration platform 
for autonomy and robotic technologies primarily 
tar get ed at Mars rover missions (for example, 2007/
2009). The K9 rover (shown in fi gure 1) is a six-
wheel rocker-bogey chassis outfi tted with elec tron ics 

and in stru ments appropriate for supporting re search 
relevant to remote science exploration 
and au ton o mous operations. This includes high-res-
 o lu tion col or imagers and a fi ve-degree-of-
freedom arm for in situ instrument placement.

In the fall of 2001, the K9 team presented its accom-
plishments for FY01. The team also pre sent ed the 
design for the new outdoor test facility at Moffett 
Field adjacent to Gate 17 at Ames Research Center. 
The pre sen ta tion was followed by a dem on stra tion 
of con di tion al ex e cu tion, onboard science un der -
stand ing, and ob sta cle avoidance in the rover test 
yard. 

In the demonstration, a contingent command 
 sequence was executed by the onboard executive to 
autonomously carry out numerous science ex plo -
ra tion activities. The rover successfully carried out 
commands to image the environment, detect rock 
and layered objects, and select spectrometer targets. 
In addition, the rover determined whether spectro-
meter data indicated the presence of carbonates, and 
evaluated the science value of targets, collecting the 
high-resolution image of the highest ranked target. 
The second phase of the demonstration involved 
autonomously driving to a goal location four meters 
away while avoiding obstacles.

Point of Contact: M. Bualat
(605) 604-4036
Maria.G.Bualat@nasa.gov

Fig. 1. K9 rover.
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NASA IVHM Technology Experiment for X-Vehicles (NITEX) 
Propulsion IVHM Technology Experiment (PITEX)
NASA IVHM Technology Experiment for X-Vehicles (NITEX) 
Propulsion IVHM Technology Experiment (PITEX)
NASA IVHM Technology Experiment for X-Vehicles (NITEX) 

Howard Cannon

The NASA Integrated Vehicle Health Management 
(IVHM) Tech nol o gy Ex per i ment for X-Ve hi cles/
Propulsion IVHM Tech nol o gy Ex per i ment (NITEX/ 
PITEX) team at Ames Research Center has been 
partnering with Kennedy Space Cen ter (KSC) and 
Glenn Re search Center (GRC) to de vel op an in tel -
li gent au to mat ed di ag nos tic system for vehicle 
propulsion sys tems using the Ames-de vel oped Liv-
ingstone inference engine. Orig i nal de vel op ment 
began with NITEX, which was funded through the 
Future X program at Marshall Space Flight Center 
(MSFC), and focused on the X34 main pro pul sion 
sys tem (MPS). The cur rent project, the PITEX, 
fund ed un der the Space Launch Initiative (SLI) pro-
 gram at MSFC, is con tinu ing to de vel op and
improve the di ag nos tic sys tem using the X34 sim-
 u la tion plat form. PITEX is a key element of an 
IVHM risk re duc tion project led by the Northrop 
Grumman Cor po ra tion. In FY01, the NITEX/
PITEX team made numer ous advances in terms of 
ar chi tec ture, mod el ing, di ag nos tic sup port software, 
and ground pro cess ing.

In NITEX, the team developed a comprehensive 
architecture that obtained vital information from 
the fl ight computer, processed the information with 
an onboard computer, and then downlinked the 
in for ma tion for ground processing. On the ground, 
fa cil i ties were put in place for storing and archiving 
the information, displaying diagnostic information 
to ground operations personnel through a graphical 
user interface, and retrieving data for postfl ight data 
analysis. Under PITEX, advancements were made 
in understanding how this type of diagnostic system 
for pro pul sion might fi t into a system-wide IVHM 
architecture for reusable launch vehicles.

The team has built what is perhaps one of the larger 
and more comprehensive Livingstone diagnos-
tic models to date. In NITEX, the liquid oxygen 

(LOX) feed system of the MPS was developed. 
Under PITEX, the rocket propellant feed system was 
add ed, increasing the size of the model by more 
than 50 per cent. The model is noteworthy in that it 
push es the limits of Livingstone into the realm of a 
semi continuous versus discrete application domain. 
It should also be noted that the model is the end re-
sult of a huge effort in knowledge acquisition. Much 
had to be learned about propulsion before it could 
be represented succinctly in model form.

The NITEX/PITEX team developed most of the 
software modules required to fl y the experiment. 
Monitors were developed to convert continuous 
signals into discrete events. Under PITEX, the 
mon i tors have been improved to be robust to large 
amounts of noise. This is particularly challenging 
given that the monitors in some cases are required 
to generate events based on the derivative of a sig-
 nal. Also a real-time interface (RTI) module was de-
veloped that translates the events from the mon i tors 
into Livingstone model variable settings. The RTI 
also includes a policy that orders the events tempo-
rally before feeding them into Livingstone, makes 
decisions concerning when to request di ag noses 
from Livingstone, and decides when to down link 
the results to the ground. The RTI developed under 
NITEX/PITEX is robust to events being  received 
out of order from the mon i tors, and han dles concur-
rent transitions while maximizing the amount that 
can be diagnosed during these periods.

In addition to these core software components for 
the fl ight code, placeholders were developed for 
simulating telemetry inputs and telemetry downlink. 
For NITEX, 13 failure scenarios and 1 nominal 
 scenario were simulated with a ROCETS model at 
GRC to generate simulated telemetry. The fl ight 
software read in this telemetry in approximately real 
time, and generated the correct diagnosis in each case. 
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In PITEX, the software was ported to fl ight-like 
computer hardware for testing and analysis. It was 
demonstrated that the system utilized only a small 
fraction of the available computational re sourc es 
during all the scenarios.

Point of Contact: H. Cannon
(650) 604-4606
Howard.N.Cannon@nasa.gov

A Collaborative Web Facility for Mars Data Anal y sis
Glenn Deardorff

Marsoweb (http://marsoweb.nas.nasa.gov) is a Web 
facility that provides an intuitive, interactive in-
 ter face to Mars geophysical data collected by Mars 
orbiters. Its goal is to enable online data discovery 
by planetary scientists. A recent usage report of 
Marsoweb indicates access by over 20,000 distinct 
users from government, academia, and Mars en thu -
si asts from the general public. The original impetus 
of Marsoweb was to help facilitate the landing-site 
selection process for Mars rover missions; its cur rent 
emphasis is the Mars Explorer Rover twin mis sions 
of 2003 (MER 2003).

The MER 2003 portion of Marsoweb serves as a 
comprehensive “one-stop shop” for the landing-site 
community in several ways: in addition to announce-
ments and memoranda to this com mu ni ty, it houses 
an archive of landing-site workshop pre sen ta tions, 
information about the candidate landing sites, and 
landing-site characteristics imposed by lander and 
rover constraints.

A centerpiece of the MER 2003 Web site is a Java-
based interactive data map display, which allows 
users to graphically peruse a variety of data maps 
pertinent to landing-site selection. Data from the 
current Mars Global Surveyor (MGS) and earlier 
Viking missions are used, and include elevation 
data from the MGS Mars Orbiter Laser Altimeter 
(MOLA), MGS thermal emission spectrometer 
(TES) data (which can be used to infer “rockiness” 
of regions), geology and mineralogy maps, etc., as 

well as visible surface imagery. This zoomable, pan-
nable map interface also displays the locations and 
parameters of the candidate landing sites.

Some of the data maps in this interface are in ter -
ac tive insofar as users can scroll the mouse over 
the maps to see the location coordinates and data 
values of the map pixels (e.g., elevations on the 
MOLA maps). For MOLA, geology, and visible 
image maps, three-dimensional (3-D) Virtual Real-
ity  Modeling Language (VRML) scenes can also 
be down load ed. These VRMLs allow Web users to 
explore regions in 3-D, and use regional data maps 
mapped onto 3-D terrains composed from digital 
terrain mod els (fi gure 1).

Another prominent component of the MER 2003 
Web site is an archive of ultra-high-resolution 
 images (up to 3 meters/pixel) from the current MGS 
Mars Observer Camera (MOC), spe cifi   cal ly taken 
of the candidate landing sites. This archive of MOC 
images can be graphically navigated with regional 
maps; users can zoom into their regions of interest, 
and peruse the MOC image outlines in the region 
maps to launch Web pages for each of the MOC 
images. These MOC image Web pages contain 
 various MOC image display and download options, 
“context images” showing the MOC image loca-
tion in a regional context, and a Java-based suite 
of online image processing tools (such as contrast 
 enhancement).
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Marsoweb facilitates dissemination of information 
from planetary scientists; it provides a “value-added 
service” for special products produced by landing-
site community members. As an example, a set of 
detailed, high-resolution composite maps utilizing 
various data was made by the Jet Propulsion Lab o -
ra to ry (JPL) scientists for the prime landing sites; 
these were deployed on the MER 2003 Web site as 
interactive image maps, such that users can use them 
to easily launch the full-resolution MOC im ag es 
displayed in miniature on these maps.

Fig. 1. A 3-D VRML scene of Viking terrain data is texture mapped with a geology map in the Melas Chasma region. This tool is a com-
ponent of the MER 2003 landing-site selection resources.

In addition to landing-site selection for rover 
 missions, Marsoweb serves as an interactive ar-
chive of global data for general Mars research. 
These  archives allow users to query the data maps 
in the same fashion as the MER 2003 data map 
interface (mouse scrolling displays location and 
data values), and also provide for profi le creation 
from user-drawn cross-sections in the data maps 
(e.g., el e va tion pro fi les can be created from lines 
drawn in the MOLA elevation maps). These pro-
fi les can be mouse  queried for location and data as 
well (fi gure 2).
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Fig. 2. The interactive global data archive supports user profi le 
creation and querying of data. Shown here are MOLA data in the 
Olympus Mons region.

Point of Contact: G. Deardorff
(650) 604-3169
gdeardorff@nas.nasa.gov

A Planner-Based Software Agent for Data Man age ment
Keith P. Golden

Managing the terabytes of data gathered by sat el -
lites and other sensors is one of NASA̓ s greatest 
challenges. Anticipated “sensor webs” will collect 
huge quantities of heterogeneous data from Earth-
orbiting satellites and in-situ sensors and process 
the data to detect and track short-term phenomena 
such as storms, fi res, and volcanic eruptions, as 
well as intermediate and long-term trends, such as 
global climate change and the health of crops. Past 
 approaches for pro cess ing and tracking data will not 
scale to handle such quantity and diversity of data-
processing tasks with the fast response times needed 
to respond to short-term events.

IMAGEbot is a software agent for automating data 
management tasks. The goals of IMAGEbot are 
two fold: fi rst, to address the scaling problem men-

 tioned previously by providing a goal-oriented
in ter face to scientists and other customers of data. 
Instead of writing a program or script to perform 
a given set of data-processing operations, the user 
provides a  semantic description of desired data 
prod ucts, such as “Change in Net Primary Pro-
 duc tiv i ty for Mon tana between 2001 and 2002.” 
Ad di tion al ly, users can specify syntactic restric-
tions on data, such as fi le format, resolution, pro-
jection, and color scheme for a false-color image. 
Given this data goal, and know ledge about the 
data sources and data-pro cess ing programs that 
are available, the system de ter mines the sequence 
of operations need ed to obtain and process the 
requested data. Secondly, IMAGEbot will help 
future users fi nd relevant data products by record-
ing searchable se man tic de scrip tions of all 
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data products generated, and help users assess the 
appropriateness of the data by recording in for ma tion 
about the “pedigree” and quality of the data.

To achieve these goals, in FY01 the team developed 
a constraint-based planner that accepts data product constraint-based planner that accepts data product constraint-based planner
requests and synthesizes parallel data-fl ow pro grams 
that will output the requested data. The plan ner uses 
descriptions of available data-pro cess ing commands 
and data inputs to reason about how the data can be 
manipulated by the commands to pro duce the de-
 sired output.

This study uses the Terrestrial Observation and 
 Prediction System (TOPS) to apply IMAGEbot to 
the problem of Biospheric NowCasting, real-time 
ec o sys tem modeling from Earth science data. TOPS 
is a modular system, comprising a collection of 
 fi lters and scientifi c models for processing satellite 
and weather-station data and generating second-
ary data products such as estimates of soil moisture 
and plant growth. TOPS can incorporate a variety 

of alternative data sources and models, which the 
IMAGEbot planner can exploit by dynamically 
 adjusting to the availability of data and trying 
 multiple alternate inputs, fi lters, and models in an 
effort to provide the best possible output. 

IMAGEbot is unique among planner-based 
 approaches to data processing in the detail with 
which it represents and reasons about data con-
tents and data-processing operations. Data can be 
 described at multiple levels of granularity, from a 
very high level to the level of individual bytes or 
pixels. Like wise, the planner can reason about high-
level op er a tions, such as running ecological models, 
as well as pixel-level image-processing procedures. 
This  expressiveness is the key to reasoning about 
how data are trans formed by arbitrary sequences of 
op er a tions.

Point of Contact: K. Golden
(650) 604-3585
Keith.P.Golden@nasa.gov

PathExplorer: A Runtime Verifi cation Tool
Klaus Havelund, Grigore Rosu 

The success of most technological experiments, 
including spacecraft and rover technology, depends 
heavily on the correctness of software. It is widely 
accepted that future spacecraft will become highly 
autonomous, making decisions without com mu -
ni ca tion from the ground, so the required software 
is becoming signifi cantly more complex, increas-
ing the risk of mission failures. Ames researchers 
have developed a tool, PathExplorer (PAX), which 
is a program monitoring tool that can detect faults 
in software in a scalable way, and is, therefore, ap-
 pli ca ble to very large systems, possibly written 
using several different programming languages. 
The tech nique consists of monitoring program ex e -
cu tions and verifying that the generated execution 
traces satisfy certain properties. The fundamental 

idea con sists of instrumenting the program with 
in struc tions that emit events to an observer during 
ex e cu tion of the program. The observer examines 
the event stream, event by event, and performs vari-
ous fl aw-detecting analyses. PathExplorer imple-
ments two kinds of monitoring: specifi cation-based 
mon i tor ing and algorithm-based monitoring.

Specifi cation-based monitoring consists of mon i -
tor ing the execution of a program, represented by a 
sequence of events, by validating the events against 
a requirements specifi cation. The specifi cation is 
written in a formal language based on temporal 
log ic, a special branch of mathematical logic that 
is suitable for expressing properties about reac-
tive systems that interact with the environment. 
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For  example, a requirement can be “Whenever the 
TEM PER A TURE becomes HIGH the ALARM 
goes on within 20 seconds.” A typical requirement 
spec i fi  ca tion for a system has many such assertions. 
When a property is violated, a warning can be is sued 
to the user. Alternatively, the violation can be used to 
steer the system under observation into a safe state. 
The advantage of using temporal logic to mon i tor 
program executions is that it relieves hu mans from 
performing a detailed analysis of pro gram ex e cu -
tions to see whether the program be haves correctly.

Algorithm-based monitoring, like specifi cation-
based monitoring, watches the execution of a pro-
 gram emitting events. Rather than matching against 
user-defi ned specifi cations, algorithm-based mon i -
tor ing uses certain general algorithms for detecting 
particular kinds of error conditions. Examples are 
algorithms for detection of deadlock and data-race 
potentials in concurrent programs. These algorithms 
are interesting because the actual deadlocks and 

data-races do not have to occur in the execution 
trace in order to be identifi ed as a po ten tial prob-
lem. An arbitrary execution trace normally suffi ces 
to identify problems. For example, a cyclic re la -
tion ship between the locks in a concurrent program 
(pro cess P takes lock L1 and then L2, while process 
Q takes L2 and then L1, that is, in reverse order) 
is a po ten tial deadlock. A data race can occur if 
sev er al pro cess es access a shared structure, at least 
one process modifi es the structure, and there is no 
mech a nism for preventing si mul ta neous access. 
Such situations can also be detected. In 2001, the 
PAX was applied successfully to a 35,000-line C++ 
program con trol ling a rover, detecting a deadlock 
situation that had been oth er wise undetected during 
testing, and  confi rming the potential of a data race.

Point of Contact: K. Havelund
(650) 604-3366
havelund@mail.arc.nasa.gov 

Clickworkers Project
Bob Kanefsky

The Clickworkers project was a pilot study to 
see whether massive science data analysis can be 
 accomplished by distributing the work to large num-
 bers of volunteers, each working for a few minutes 
at a time on an ordinary Web browser. The study 
tested the ability of pooled efforts to ac com plish 
time-consuming but scientifi cally useful tasks. The 
study was designed to answer the following ques-
 tions: (1) Are people interested in volunteering their 
free time on routine scientifi c work, and (2) Does 
the public have the training and motivation to pro-
 duce accurate results in a scientifi cally important 
task? An experiment such as this can determine 
wheth er people are willing to produce the required 
quantity and able to produce the required quality.

The project set up a Web site at http://clickworkers.http://clickworkers.
arc.nasa.govarc.nasa.gov that offered the public the tasks of 
 surveying and classifying craters on Mars. The 
Web site went online in November 2000 and was 
quietly advertised on a moderately popular Web 
site and in a Usenet newsgroup. Volunteers were 
given a choice of two tasks: click around the rim of 
each crater (thus specifying its latitude, lon gi tude, 
and diameter), or classify the age of one cra ter as 
“fresh,” “degraded,” or “ghost.” The site cov ered 
the U.S. Geological Survey (USGS) Mars Digital 
Im age Mosaic (version 1) from 30°N to 30°S at 64 
and 256 pixels per degree, divided into overlapping 
256 x 256 regions.
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The original intent was to create a small-scale dem-
 on stra tion of the kind of response a popular Mars 
mission such as Pathfi nder would get if it solicited 
help from the public in systematically extracting 
science from its images. However, within a month 
or two, with no further attempt at ad ver tis ing, the 
project began gaining attention from the news me dia, 
and soon thousands of volunteers were marking 
hundreds of thousands of craters. As of mid-August 
2001, over two million crater-marking entries and 
about 280,000 crater classifi cation entries had been 
submitted by as many as 49,000 individuals (see 
fi gure 1).
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Fig. 1. Clickworkers crater-marking entries, by month.

A comparison of 20 randomly chosen Martian lo-
 ca tions in Margaritifer Terra that were marked by a 
crater expert and also marked by a large number of 
clickworkers showed that the consensus of the vol-
 un teers is virtually indistinguishable from the opin-
 ion of the expert (see fi gures 2(a) and 2(b)).

In addition, it is possible to make some ex trap o-
 la tions about how many clickworkers a mission 
could recruit, assuming the media made no direct 

Fig. 2. Four small regions of the Mars Digital Image Mosaic, all 
randomly chosen from within Margaritifer Terra, were marked by 
a crater expert, (orange circles, Figure 2(a)) and by a large num-
ber of volunteer clickworkers (yellow circles, Figure 2(b)). Note 
that the orange and yellow circles match each other very closely. 
The yellow circles are the consensus of 200 clickworkers. The only 
difference is that the clickworker consensus is sys tem at i cal ly 
smaller (closer to the inside lip of the rim) by a tiny amount.

mention of the opportunity. The number of click-
workers recruited directly from the banner ad on 
the Mars Atlas site was 2500 in seven months, with 
a click-through ratio of 1.9%. Of those, only 84 
con trib ut ed any work, amounting to 5400 craters 
total (with fi ve individuals accounting for half the 
work). To the extent that this information can be 
ex trap o lat ed, it suggests that a major Mars mission 
could get data-analysis work equivalent to marking 
10,000 to 100,000 craters for every million page 
views— perhaps more, because of the motivation of 
par tic i pat ing in an active mission. For scale, the un-
 suc cess ful Mars Polar Lander mission attracted 16 
million page views (200 million hits), whereas Mars 
Path fi nd er attracted 1.2 billion hits. This  suggests 
that either mission could have recruited a plan etʼs 
worth of volunteers.

Point of Contact: B. Kanefsky
(650) 604-3514
kanef@ptolemy.arc.nasa.gov
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ScienceOrganizer 
Richard Keller

ScienceOrganizer is a specialized knowledge man-
 age ment tool designed to enhance the in for ma tion 
storage, organization, and access capabilities of 
 distributed NASA science teams. ScienceOrganizer 
provides a common electronic repository in which 
science team members can store and share project 
in for ma tion. Team members access the system 
through an intuitive Web-based interface (see fi g-
ure 1) that enables them to upload, download, and 
or ga nize project information—including data, doc-
 u ments, images, and scientifi c records as so ci at ed 
with laboratory and fi eld experiments. In for ma tion 
in ScienceOrganizer is “threaded,” or interlinked, 
to enable users to locate, track, and organize inter-
related pieces of scientifi c data. Linkages capture 
im por tant semantic relationships among information 
resources in the repository, and these relationships 
assist users in navigating through the information 
related to their projects.

ScienceOrganizer serves as an information re-
 pos i to ry/ digital library for distributed scientifi c 
project teams, combining the functionality of a 
database, a doc u ment-sharing system, a Web-like 
hypermedia in for ma tion space; and a semantic net. 
Science Organizer en ables storage and retrieval of 
het er o ge neous project in for ma tion: images, datasets, 
doc u ments, and var i ous types of scientifi c records 
describing people (e.g., science team mem bers), 
places (e.g., lab o ra to ries, fi eld sites), and things 
(e.g., equipment, sam ples). ScienceOrganizer sup-
 ports cross-linkage among stored items to enable 
rapid access to in ter re lat ed in for ma tion.

ScienceOrganizer has users affi liated with the NASA 
Astrobiology Institute, the Ames Exobiology Branch, 
and other institutions. A major new version of Sci-
enceOrganizer was released in FY01 to more than 
50 registered users at the ScienceOrganizer 

Fig. 1. ScienceOrganizer user interface.
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Web site (http://sciencedesk.arc.nasa.gov/or ga niz er). 
This version incorporates numerous usability 
enhance ments to the user interface and other system 
functionality, a facility to automatically infer re la -
tion ships among items in the repository based on 
preestablished inference rules, and access controls 
to restrict read and write access to items in the repos-
itory based on membership in groups or projects. In 
addition, this version of ScienceOrganizer per mits 

users to organize fi les or documents that are not 
physically stored on the ScienceOrganizer serv er, 
but are stored remotely on a network-ac ces si ble 
Hypertext Transfer Protocol (HTTP) server. 

Point of Contact: R. Keller
(650) 604-3388
Richard.M.Keller@nasa.gov

Livingstone Qualitative Modeling Development Software 
Tools 
Mark Shirley

The goal of the Model-Based Programming Skunk-
works task is to create high-capability de vel op ment 
and debugging tools that support model-based auto-
nomy projects, beginning with the Ames-de vel oped 
inference engine Livingstone. These tools are 
 intended for subsystem teams to use throughout the 
spacecraft design process.

Livingstone accepts a model of the components of 
a complex system such as a spacecraft or chemical 
plant and infers from them the overall behavior of 
the system. Livingstone notes the commands that 
are being given to the system and the ob ser va tions 
that are available. From this, Livingstone is able to 
monitor the operation of the system, diagnose its 
current state, determine if sensors are giving im pos -
si ble readings, recommend actions to put the system 
into a desired state even in the face of failures, and 
so on.

Because Livingstone reasons about explicit mod-
els of the system it is interacting with, rather than 
fol low ing a program or rules, a Livingstone-based 
 controller is highly capable, fl exible, and easy to 
main tain. Livingstone also accounts for all available 

in for ma tion and observations, drawing conclusions 
that reach across a complex system in a way that 
would be diffi cult for a traditional software system 
or time-consuming for a human operator.

In FY01, the Livingstone and Skunkworks projects 
released version 2.0 of their qualitative modeling 
development software tools. In addition to the Liv-
ingstone qualitative model reasoning engine, the 
Skunkworks support tools include the Skunkworks 
command line “wrapper” around the Livingstone 
engine, the Candidate Manager (which allows the 
user to select from possibly several fault di ag noses), 
the History Table (which allows the user to view all 
qualitative model variable values at the current time 
and at previous time slices that have been saved by 
Livingstone), and Stanley (which allows the user to 
view model variable values mapped to a graphical 
representation of the hard ware schematic that cor re -
sponds to the qualitative model created by the user 
with Stanley).

The Skunkworks team understands that model-
based methods are an increasingly important part 
of the rapid deployment of such software. The team 
is com mit ted to providing support to improve the 
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the solution is extracted by mea sur ing the quantum 
state of the system after adiabatic evolution with 
a composite Hamiltonian H(t) for a suitable time 
 period T. This adiabatic quantum algorithm (AQA) 
was recently simulated on a classical computer for 
several NP-complete prob lems using large numbers 
of randomly generated problem instances believed 
to be computationally diffi cult for classical al go -
rithms. Results of these simulations suggested a 
qua drat ic complexity for AQA, and the purpose of 
this study was to reconcile this highly intriguing dis-
covery with the widely held (con tra dic to ry) belief in 
computer science that P ≠ NP.

For this work, AQA was applied to the set-parti-
tion problem (SPP)—one of the core NP-complete 
prob lems of theoretical computer science with many 
practical applications: partition a set of n positive 
numbers into two disjoint subsets whose partial 
sums are as nearly equal to each other as possible. 
(Be cause problems in the NP-complete class are 
known to be reducible to each other in polynomial 
time, it is suffi cient to study the complexity of AQA 
for only one of them.) Now, the complexity of the 
algorithm is determined by es tab lish ing the func-
 tion al de pen dence of the run-time T on the problem T on the problem T
size n such that a high probability of the correct 
solution is guaranteed (i.e., the system stays in its 
ground state throughout its evolution) for all prob-
 lem instances. The analytical criterion for this was 
found to be T << V/(T << V/(T << V gmin)2, where V is the matrix el-V is the matrix el-V
 e ment of the operator dH(H(H t)/dt between the adi a bat ic t between the adi a bat ic t
ground state and the fi rst excited state, and gmin is 
the minimum gap separating the energies of these 
states for τ ∈ (0, T). The calculation of these T). The calculation of these T

 current methodology in order that it may become 
a well-defi ned software engineering process that 
may be used by teams outside of NASA research 
lab o ra to ries.

Point of Contact: M. Shirley
(605) 604-3389
Mark.H.Shirley@nasa.gov

Quantum Optimization Algorithms
Vadim Smelyanskiy, Dogan Timucin

Quantum computing is a revolutionary paradigm 
that offers fundamentally new perspectives to-
ward de vel op ing effi cient algorithms for solving 
clas si cal ly intractable problems. The focus of 
this  research in FY01 was to determine the com-
 pu ta tion al com plex i ty of quantum optimization 
al go rithms (relative to their classical counterparts), 
aim ing to provide justifi cation for further research 
into quan tum com put ing algorithms and their 
 physical im ple men ta tions.

Many of the computationally diffi cult optimization 
problems belong to the NP-complete class: their so-
lution typically takes a prohibitively long time (e.g., 
exponential in the problem size) on classical com-
puters, thus rendering them essentially in trac ta ble. 
On the other hand, relying on the unique  principles 
of superposition and entanglement, a quan tum com-
puter can simultaneously explore an exponentially 
large number of computational path ways. By clever 
algorithm design, these path ways can be made to 
interfere in a fashion that produces the desired so-
lution in a much shorter time (e.g., polynomial in 
the problem size), thus pro vid ing a drastic speedup 
over classical com put ers. The  central outstanding 
research question, then, is wheth er such ingenuous 
quantum al go rithms with a superior computational 
complexity do indeed exist.

The approach to quantum algorithm design in this 
research was based on the recently proposed idea of 
continuous adiabatic quantum evolution of a phys-
 i cal system in its instantaneous ground state. Here, 
the optimization problem is encoded into the system 
via a suitably chosen energy (or cost) function, and 
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pa ram e ters for SPP led to a run time that scales as 
T ~ 2T ~ 2T n/n, which was substantiated by our extensive 
nu mer i cal simulations of AQA for SPP (shown in 
fi gure 1). Closer in ves ti ga tion revealed that the 

Fig. 1. Logarithmic plot of algorithmic complexity Cmin vs. min vs. min
problem size n for randomly generated instances of SPP with 
25-bit precision numbers. Vertical sets of points indicate results 
of different trials (≈of different trials (≈of different trials (  100 trials for each n, 10 trials for n = 17); 
rectangles indicate the median value for each set. A linear fi t to 
the logarithmic plot of median values for 11 £ n £ 17 gives 
Cmin ≈ 20.8n. (The result is very similar if all the data points are 
used for the fi t.) Inset: plot of complexity C(T) vs. run-time T for 
n = 15. Points 1 and 2 indicate run-times that achieve ground-
state populations of 0.15 and 0.70, respectively.
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main rea son for the poor per for mance of AQA is 
related to the ultrametric structure of the SPP cost-
function values: con fi g u ra tions that are close in cost 
(energy) are separated by large Hamming distances 
(spin fl ips), and transitions between adjacent states 
via quantum-mechanical tunneling are, therefore, 
ex po nen tial ly slow. In ci den tal ly, this insight also 
points the way for future improvement of AQA for 
NP-complete problems.

Current understanding, therefore, is that the re port ed 
polynomial complexity of AQA is not the rule, 
but the exception: AQA appears to be an ex cel lent 
quan tum heuristic that can vastly out per form class-
ical heuristics such as simulated an neal ing in certain 
problem instances, but cannot, in general, solve 
all NP-complete problem instances within a poly-
 no mi al time bound.

Point of Contact: D. Timucin
(605) 604-1262
Dogan.A.Timucin@nasa.gov

Human-Centered Computing for the Mars Ex plo ra tion Rover 
2003 Mission
Jay Trimble

The Mars Exploration Rover (MER) Human Cen tered 
Com put ing (HCC) and Human Factors (HF) Pro gram 
is working with the Jet Propulsion Lab o ra to ry (JPL) 
MER Mission System and Sci ence Teams to de-
 vel op tools and operational procedures to reduce the 
chanc es of operational errors during surface op er a-
 tions for the twin rovers, scheduled to land in 2004.

In 2001, the Ames Team interviewed MER Team 
members, and observed as the rover operations and 
science teams performed fi eld tests to simulate the 
MER Mars Surface operation. The team produced 
a Phase 1 report covering issues and rec om men d-
a tions for specifi cation and communication of 
sci ence  intent across multiple shifts during surface 
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op er a tions. The team also specifi ed target naming 
con ven tions for the mission.

The team produced a design for the MERBoard 
 Collaborative Workspace, a tool to assist the mis sion 
teams with data display, capture, an no ta tion, and 
distribution. The tool is designed to enhance the col-
laborative process that the team engages in as obser-
vations and activities for the rovers are planned. The 
MERBoard design has been accepted for inclusion 
as a mission system en hance ment.

The MER operations team will be located in a 
 Mission Support Area (MSA) at JPL. The MSA 
must support two rover operations teams and must 
be optimized to support the kind of collaboration 
and work practice that the science and engineering 
teams will engage in. Ames is working with the JPL 
team to develop facility layouts and designs for the 
MSA based on the observed work practice from 
rover fi eld tests, as well as requirements and design 
inputs from team members.

The MER daily tactical command process design 
is built around the assumption that the team will 
work on Mars time. As the Mars day is roughly 
24.7 hours this means that team members working 
on Mars time will have to shift their hours by ap-
 prox i mate ly 40 minutes each day, and through the 
nights. There has been concern about the human 

factors issues associated with working this proposed 
sched ule. The MER Team requested that the Ames 
HCC/HF Team report on the causes and effects of 
fatigue and stress during Mars Pathfi nder operations 
and on how the associated human factors issues may 
have affected operations. This report was delivered 
to the MER Team in FY01 and was used to assist in 
the development of staffi ng and shift plans for Mars 
Surface Op er a tions.

Fig. 1. Scientists and engineers on Earth communicate each day 
with the rovers on Mars.

Point of Contact: J. Trimble
(650) 604-6060
Jay.P.Trimble@nasa.gov

Autofi lter: Generation of Trusted State Estimation Code 
from Mathematical Models
Jonathan Whittle

A critical component of any NASA mission is the 
guidance, navigation, and control software, and a 
key part is the software for estimating the ve hi cleʼs 
current state—its position, velocity, at ti tude, etc. 
The goal of Autofi lter is to automate the process of 
de vel op ing state-estimation software by allowing 

an en gi neer to express the software as a high-level 
math e mat i cal specifi cation that is then used to gen-
 er ate highly documented, certifi ed code. In Jan u ary 
2001, Autofi lter was successfully dem on strat ed at 
Ames (at that time it was called Amphion/NAV).
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The Autofi lter specifi cation language consists of 
a mathematical description of the state-estimation 
problem. Autofi lter is primarily geared toward prob-
 lems that can be solved by the use of Kalman fi lters. 
Therefore the description is in terms of the physical 
model of the vehicle dynamics, the mea sure ment 
model relating the observations to the states being 
estimated, and an architectural de scrip tion of the 
Kalman fi lter (e.g., a single Kalman fi lter, Kalman 
fi lters running in parallel, nested Kalman fi lters). 
Unlike commercially available code generators, the 
relationship between spec i fi  ca tion and generated 
code is not one to one, but can be as high as 30 lines 
of code generated for each line of specifi cation. This 
leverage factor comes from the fact that Autofi lter 
has built in a wide range of knowledge about the 
domain, in the form of equa tion al solvers, symbolic 
evaluators, approximations, linearizations, and code 
templates. In addition, Autofi lter can  generate mul-
 ti ple alternative pro grams for the same specifi ca-
tion—for example, it can generate a lin ear ized or an 
ex tend ed Kalman fi lter algorithm.

Autofi lterʼs domain knowledge is organized into 
code-generation schemas. Each schema is a “pro-
 gram with holes” representing an uninstantiated 

program fragment along with uninstantiated doc-
 u men ta tion for that fragment. If the applicability 
 constraints for a schema are satisfi ed, the schema 
is instantiated with problem-specifi c details. The 
 application of multiple schemas results in pseudo-
code (i.e., language-independent code) with doc-
 u men ta tion based on the current problem. This 
pseu do-code can then be translated (along with 
 appropriate optimizations) into C or Matlab code. 
Much of the architecture of Autofi lter is built upon 
the existing Autobayes system, which was also 
 developed at Ames.

Autofi lter is currently being validated by ap pli -
ca tion to real examples in the domain of Kalman 
 fi lter-based state estimation. Two case studies are 
cur rent ly under way: an example from automated 
spacecraft docking, and an example based on Deep 
Space One Attitude Determination software.

Point of Contact: J. Whittle
(650) 604-3589
jonathw@ptolemy.arc.nasa.gov

Designing Collectives for Distributed Control
David Wolpert, Kagan Tumer

There are many information-processing problems 
that can only be solved by the joint action of large 
com mu ni ties of com pu ta tion al agents, each running 
a so phis ti cat ed machine-learning algorithm where 
those al go rithms are not subject to centralized, 
 global control. Examples are routing of air traffi c, 
con trol of swarms of spacecraft, routing of packets 
across the Internet, and communication between 
the multiple processors in a modern computer. The 
emerg ing science of “Collective Intelligence” is 
concerned with the design of multi-agent systems 
where there is a well-specifi ed global objective 

func tion that needs to be optimized through the 
 collective action of the agents. We focus on the case 
where agents are “selfi  sh” in that they act to try to 
optimize their own utilities, without explicit regard 
to cooperation with other agents.

This work recently considered the problem of 
 designing (perhaps massively distributed) col-
 lec tives of computational agents to maximize a 
pro vid ed “world” utility function. For such cases 
the central design issue is how to initialize/update 
the payoff utility functions of the individual agents 

A D V A N C E D  C O M P U T E R  S C I E N C E  A P P L I C A T I O N S



G L O B A L  C I V I L  A V I A T I O N   / SAFETY  131

       S P A C E  S C I E N C E   
     E N T E R P R I S E     E N T E R P R I S E     

so as to induce the behavior of the entire collec-
tive to pro duce good values of the world utility. In 
such a sys tem, as the individual agents work toward 
max i miz ing their individual payoff functions, their 
col lec tive action works toward achiev ing the overall 
global objective.

Traditional “team-game” approaches to this prob lem 
simply assign to each agent the world utility as its 
payoff utility function. However, this strategy scales 
poorly in large systems, because the agents have a 
hard time discerning the effect of their own action 
on their utilities. In other words, their “sig nal” (the 
effect of their actions on their utility) is swamped by 
the “noise” of the system (the effect of other agents  ̓
actions on their utility). In previous work collective 
intelligence-derived payoff utility functions proved 
superior to team-game utilities.

In FY01 researchers at Ames Research Center 
 extended these re sults us ing a novel math e mat i cal 
frame work. They  reviewed the derivation under that 

new frame work of the gen er al class of payoff utility 
functions that are both easy for the individual agents 
to try to maxi mize, and have the property that if 
good val ues of these payoff functions are achieved, 
a high val ue of world util i ty is ensured. These are 
the “Aris to crat Utility” and a new variant of the 
“Won der ful Life Utility” that were introduced in 
previous work.

This project demonstrated experimentally that using 
these new utility functions can result in signifi cantly 
improved performance over that of previously 
inves tigated collective intelligence-derived payoff 
util i ties, over and above those previous utilities  ̓
su pe ri or i ty to the conventional team-game utilities 
on a wide array of applications.

Point of Contact: K. Tumer
(650) 604-4940
Kagan.Tumer-1@nasa.gov
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The Fundamental Biology Lead Center Program Of-
fi ce, located at Ames Research Center (ARC), stated 
in the FY01 Strategic Plan that, “…the Program 
Offi ce leads the Agencyʼs efforts in fundamental 
biological research and relevant technology de vel -
op ment, and supports activities conducted on the 
ground and in space.” Thus, the activities related in 
this R&T Report address gravityʼs effects on various 
systems. Questions asked include:

• Through what mechanisms gravity is sensed, 
transduced, and responded to by bi o log i cal sys-
tems at all levels of complexity

• How do biological systems integrate these grav-
 i ty-related signals to respond and adapt to micro-
gravity and the other char ac ter is tics of the space 
environment

• What are the fundamental biological mech a nisms 
underlying physiological changes in humans 
caused by the spacefl ight environment

• What are the effects of the space en vi ron ment on 
biological processes that have an impact on space 
exploration

• What role has gravity played in shaping life on 
Earth

One reported research effort addresses ac tiv i ties at 
the subcellular level, and looks at protein sub units 
called Tropomodulins. These are of interest because 
the proteins are even tu al ly responsible for muscle 
activity, which, like bone, is degraded under micro-
gravity con di tions. Other research at the subcellular 
level ad dress es cel lu lar machinery required for ra-
 di a tion resistance through genetics. Radiation dam-
age is a well known hazard of long-term spacefl ight 
in high radiation fl ux. Yet another report relates how 
using the tools of  genetics and creating transgenes 
in frogs addresses what happens in the gravity sen-

Biological Visualization, Imaging, and Simulation (BioVIS) Techni-
cal Center with the Virtual Glovebox.

B i o l o g i c a l  a n d  P h y s i c a l
R e s e a r c h  E n t e r p r i s e O v e r  v i e w
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sor sys tem and the ability to adapt to altered gravity 
environments.

Bone loss in space has stimulated interest in the 
similar earth condition—osteoporosis, which is 
prevalent in older populations. Research of bone 
loss at the whole animal level is reported which 
implicates high salt diets as increasing the risk for 
osteoporosis. The biological process of bone for-
 ma tion itself has been found to be controlled by 
osteoblasts. Both in vitro and in vivo models were 
developed to investigate the molecular 
responses of osteoblasts to mechanical forces. 
Meth od ol o gies for investigation of mechanical forc-
es used exposure to hypergravity, utilizing the Life 
Sciences Divisionʼs acceleration 
facilities.

The acceleration facilities were also utilized to ob-
tain insights into maturation of mam ma li an sys tems 
while comparing the similarities with micro gravity. 
Studies were reported with ro dents to de ter mine 
adaptation of phys i o log i cal re spons es under altered 
gravity con di tions, e.g., circadian rhythms and deep 
body temperature.

Bone density measurements, using computed 
tomography scanners, are the prime method of 
de ter min ing if bone formation is occurring prop-
 er ly. Technology development is reported which 
en hanc es the X-ray spectrum along with new and 
better methods for calibration of such equipment.

Simultaneously, technology development ad dressed 
miniaturization and automation of bi o log i cal, an a -
lyt i cal, and research pro cess ing, along with research 
efforts in bioinformatics, advanced bioimaging, 
and data processing. Specifi cally, this report relates 
progress on a microfl uidic disc capable of au to -
mat ed microgravity environment assays and optical 
detection supporting natural and induced fl u o -
res cence. A fully automated cell culture habitat and 

associated char ac ter iza tion of fl ow fi eld ve loc i ties 
encountered by cellular systems in such a habitat 
functioning under microgravity con di tions is 
reported. In the area of bioimaging, simulation 
soft ware is reported that allows surgical procedure 
training on soft tissue for astronauts under micro-
gravity conditions, in clud ing haptic feedback which 
will allow the user to “feel” what they are doing. 

In planning future exploration beyond our planet, 
the physical aspects of actually living under micro-
gravity conditions for prolonged periods was in-
 ves ti gat ed. Research is reported which addresses 
in cin er a tion fl ue gas cleanup that allows use of 
carbon dioxide in plant growth systems along with 
extended in situ resource utilization of various other 
gases.  

Though the International Space Station (ISS) will 
not be fully outfi tted for several years, research on 
ISS has already begun and was supported by ARC. 
The Passive Dosimeter System developed by the 
ISS Biological Re search Project, in co or di na tion 
with the Hun gar i an Space Offi ce, was used by a 
German researcher conducting experiments in the 
Human Research Facility. This piece of equip ment 
is a follow-on to similar equipment fl own by the 
Hungarians on the Mir Space Sta tion. Si mul ta neous 
to send ing hardware to ISS, ARC con tin ued to uti-
 lize the Shuttle mid-deck for rodent experiments, 
and supported an experiment with the Com mer cial 
Space Center Bioserve (Uni ver si ty of Colorado, 
Boulder) and the phar ma ceu ti cal company Amgen. 
The drug under study may provide answers to 
osteoporosis prevention and even act as a coun-
 ter mea sure for the treatment of similar effects on 
bones ex pe ri enced by humans under microgravity 
con di tions. This fi rst full du ra tion mission with mice 
may also pave the way to further fl ights with this 
rodent that has become a powerful re search tool as 
transgenics.
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Flow Field Measurements in a Cell Spec i men Chamber
Stephen Walker, Michael Wilder

To support long-duration life science experiments 
on the International Space Station (ISS), cell culture 
units must be developed that provide the required 
life support en vi ron ment while remaining com-
 pat i ble with the ISS infrastructure. The typical cell 
culture unit in cludes multiple cell specimen cham-
 bers (CSCs) in a closed loop system that provides 
fl uids to the CSCs. An environment for controlled 
cell growth experiments is maintained within the 
in di vid u al CSCs, which are intended to ac com -
mo date diverse cell specimen types. Many of the 
func tion al re quire ments for cell growth ex per i ments 
(e.g., feeding and gas man age ment) de pend on the 
fl uid fl ow fi eld within the CSC. A design goal of the 
cell culture unit is to match all en vi ron men tal con-
 di tions, other than  grav i ty, independent of wheth er 
the hardware is in microgravity (mg), 
normal earth gravity, or up to 2-g on the ISS cen-
 tri fuge. As a fi rst step in achiev ing this goal, Ames 
Re search Center is con duct ing a series of in ves -
ti ga tions to establish a baseline da ta base on the 
ve loc i ties and accelerations that cells currently 
en coun ter during ground-based testing in traditional 
Erlen meyer fl asks. In addition, the CSCs are also 
being tested and modeled to ensure that the fl uid 
fl ow conditions found in 1-g can be replicated from 
microgravity up to 2-g while still supporting suc-
 cess ful cell growth experiments. The techniques that 
are being used to achieve these goals include fl ow 
visualization, particle image velocimetry (PIV), and 
computational fl uid dy nam ics (CFD).

To characterize laboratory cell culture conditions in 
current ground-based testing, PIV is being used to 
determine the fl ow fi eld velocities and accelerations 
in the Erlenmeyer fl asks on orbital shakers. PIV is a 
measurement technique that can determine in stan -
ta neous three-dimensional velocity fi elds in a plane. 

These measured velocity fi elds are numerically dif-
ferenced to determine the acceleration fi elds within 
a measurement plane. The data will be com pared 
to PIV measurements in the CSCs to ensure that 
the fl ow fi eld characteristics in the CSCs are within 
the bounds de ter mined for laboratory (Er len m ey er 
fl ask) experiments. Figure 1 shows an 
example of PIV results from a test using an Erlen-
meyer fl ask on an orbital shaker. In Figure 1, the 
in-plane velocity data are shown as vectors, and 
the colored contour plot shows the magnitude of 
tem po ral accelerations calculated in the moving 
reference frame of the orbital shaker. Spatial ac-
 cel er a tions, the elements of the 9-component fl uid 
velocity shear tensor, have also been calculated 
using the PIV data. 

Flow visualization using the injection of dye has 
been used to gain a global perspective of the char-
 ac ter is tics of the CSC fl ow fi eld. Using a spectrom-
eter during fl ow visualization testing also yielded 
quan ti ta tive mea sure ments of the mixing and fl ush-
ing characteristics of the CSC fl ow fi eld. Figure 2 
shows a visualization of the fl ow fi eld within the 
basic 10 milliliter (internal vol ume) CSC, with 
steady fl ow on both inlets. Each inlet/outlet pair 
established a re-circulating fl ow region, as indicated 
in Figure 2. As can be seen by the iso la tion of the 
red and blue marked streams, little mix ing occurred 
between the two streams. Flow vi su al iza tion was 
vital to the development of the current design of the 
CSC, which included the ad di tion of magnetic stir 
bars to create an optimum fl ow fi eld for successful 
cell growth experiments.

Using CFD, a detailed simulation is being de-
 vel oped to predict the fl ow fi eld within the CSC 
for a wide variety of fl ow conditions, including 
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microgravity en vi ron ments. Results from all these 
measurements and anal y ses of the CSC fl ow en vi -
ron ment will be used to optimize the fi nal design 
of the CSC. Furthermore, based on fl ow fi eld pa-
 ram e ters such as those derived from these fi rst-of-
their-kind measurements, re search ers performing 
cell growth experiments in the CSC will have a 
greater understanding of the fl ow fi eld dynamics 
that the cells encounter. This additional knowledge 
will accelerate progress in the understanding of the 
cell growth life cycle.

Point of Contact: S. Walker 
(650) 604-6720
Stephen.M.Walker@nasa.gov

Fig. 2. Flow visualization in a 10 ml Cell Specimen Chamber.

Fig. 1. Typical PIV data in an Erlenmeyer fl ask. Vectors indicate in-plane velocities and color contours indicate temporal ac cel er a tions 
in the y-direction.
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International Space Station Module Noise Control
Nathan J. Burnside, Paul T. Soderman

To ensure an acceptable working and living en vi -
ron ment for the astronauts within the International 
Space Station (ISS), it is critical that the acousti-
cal noise gen er at ed by ISS science modules be 
held to a min i mum.  Because the ISS comprises 
re ver ber ant, confi ned spaces that contain a variety 
of self-contained life support systems and science 
ex per i ments that often house motors, cooling fans, 
compressors, and other equipment, the po ten tial 
for excess noise is quite high. Using its ex ten sive 
expertise in mea sur ing and controlling acous ti cal 
emissions, Ames undertook a project to assess a 
candidate science mod ule and to develop design 
guidelines for future systems. 

In FY01, Ames personnel tested a generic 12-panel 
unit designed to house and cool a variety of bi o -
log i cal or physical experiments. Figure 1 shows the 
module mount ed in the anechoic chamber in prep a -
ra tion for free-fi eld acous tic mea sure ments. Sound 
spectra were acquired using the hemi spher i cal 
sound fi eld survey apparatus visible in the left cor-
 ner of the photo. The primary noise source was a 
cooling fan, and the re sult ant noise fi eld exceeded 

the accepted standards. Analysis of the data showed 
that the principal mech a nism for sound energy 
escaping the mod ule was through the air-exhaust 
stream. However, a sig nifi   cant amount of the noise 
was also transmitted through the structure. A duct 
muffl er was de signed to isolate the exhaust noise 
from the surrounding area. Figure 2 shows the 
resulting octave-band levels with the muffl er 
installed compared to the space station express 
rack limits. At many frequencies, the noise was 
well below the acceptable level. However, at other 
fre quen cies the noise still exceeded the specifi ed 
lim its. Recommendations for reducing the structure-
borne noise were developed and com mu ni cat ed to 
the sponsor. Furthermore, it was also ap par ent that 
the fl ow char ac ter is tics of the fan were not properly 
matched to the module being cooled. Mismatched 
com po nents can create excess fl ow losses within the 
unit or fan, resulting in ex cess noise and reduced 
cooling ef fec tive ness. Guide lines for prop er ly in te -
grat ing bio-habitat com po nents were de vel oped.

Fig. 2. Measured noise radiation and limits.
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Fig. 1. Test module in anechoic chamber.
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In summary, expertise in fl uid dynamics and acous-
 tics coupled with acoustic-measurement capability 
has been adapted for the development of low-noise 
ISS ex per i ment modules. Similarly, ongoing 
work within the group includes the ad ap ta tion of 
advanced fl uid-dynamics instrumentation to support 
the anal y sis and design of cell culture units for use 
on the ISS.  

Point of Contact:  P. Soderman 
(650) 604-6675
Paul.T.Soderman@nasa.gov
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SPRING: A Surgical Simulator Adapted to Astronaut Train ing 
for Space Life Sciences Research
Richard D. Boyle, Jeffery D. Smith

The benefi ts of computer-based surgical sim u -
la tion have been widely recognized as broadening 
surgical training through scenario production and 
sim u la tions of anatomical variations, pathologies, 
and op er at ing en vi ron ment conditions, all with-
out actual risk to patients. How ev er, independent 
efforts at com bin ing the clinical knowledge of the 
surgeon and the en gi neer ing tech nol o gy of the 
computer scientist results in many variations on a 
working and usable sim u la tion sys tem. SPRING 
was thus developed by Stanford Universityʼs Na-
tional Biocomputation Center to provide a surgical 
sim u la tion framework of shared code for use in 
gen er at ing working sim u la tors at an effective level 
of un der stand ing for the general public. In close 
col lab o ra tion with Ames Research Center (ARC), 
researchers have de vel oped a real-time surgical sim-
ulation system gen er al ized to work with nu mer ous 
scientifi c applications. The SPRING software has 
also been adapted to astronaut training ap pli ca tions 
in areas of space life sciences research.

The system itself is written in C++ and is cross-
platform to run on Unix and Windows platforms. 
As a program, it is an evolving framework for a 
general simulator with an emphasis on real-time 
per for mance. During its production, a number of 
ap pli ca tions have been developed to ensure that the 
system is usable and useful to the computer-based 
sim u la tion community. For example, SPRING has 
the capability to use haptic devices that allow us-
ers to “feel” what they are doing in the computer 
sim u la tion. In addition, the software is based on 
multi-user interfaces so that different com put ers and 
display systems can be linked together through the 

Internet. This feature allows the simulation to be run 
from several different locations. Furthermore, it per-
 forms soft-tissue modeling, some limited rigid-body 
dynamics, and suture modeling. These are ma nip u-
 lat ed by a library of virtual tools created to interact 
with the tissue of interest, such as scalpels and scis-
sors. Finally, a number of extra components, such as 
voice input/output, real-time texture-mapped video 
input, stereo and head-mounted dis play support, 
and replicated dis play facilities have been added to 
make the program expedient.

Today, astronauts have begun using the In ter na -
tion al Space Station as a permanent laboratory to 
address fun da men tal questions of the infl uence of 
microgravity on living organisms. Many of these 
bi o log i cal ex per i ments will require astronauts to 
perform complex tasks, under highly controlled 
conditions and within strict time constraints. 
Pro vid ing state-of-the-art train ing to astronauts for 
these research tasks will be of the utmost im por -
tance, maximizing the quality and quan ti ty of data 
returned from these ground-breaking biology 
experiments in space. NASA has adapted the core 
ca pa bil i ties of the SPRING software system to the 
realm of astronaut training. Scientists at ARC have 
developed virtual environment technologies to assist 
astronauts in training and performing biological pro-
 ce dures within the Space Station Glovebox through 
de vel op ment of the Virtual Glovebox. By integrat-
ing advanced hardware and real-time 
simulation, computer vision and parallelization 
tech nol o gies gained in part from SPRING software, 
re search ers can now provide a realistic immersive 
environment in the Vir tu al Glovebox (see Fig. 1). 
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This technology not only demonstrates NASA̓ s col-
laborations with ed u ca tion al institutions that benefi t 
the medical community, but also gives astronauts 
the option to practice conducting ex per i ments in 
a simulated, real-time microgravity en vi ron ment 
while still on Earth. 

Point of Contact: R. Boyle
(650) 604-1099
Richard.D.Boyle@nasa.gov

Fig. 1. SPRING software running in the NASA Virtual Glovebox. 
The SPRING surgical simulator code is cross-platform and runs 
on Unix (Sun Solaris, SGI Irix, and Linux) and Windows (98, 
NT, 2000) platforms. It is written in C++ and uses OpenGL for 
graphics; GLUT, GLUI, and MUI for user interface; and supports 
parallel processing using the pthreads facility of POSIX. It allows 
for the relatively easy introduction of patient-specifi c anatomy 
and supports many com mon fi le formats: SMF, Wavefront OBJ, 
VRML, Mesh, and Cyberware formats. It performs soft-tis-
sue modeling, some limited rigid-body dynamics, and suture 
modeling. The simulator interfaces to many different interaction 
devices and provides for multi-user, multi-instrument col lab o-
 ra tion over the Internet in latency-dependent or latency-moder-
ated modes. Many surgical and non-surgical virtual tools have 
been created and their interactions with tissue have been im-
 ple ment ed. Collision detection is provided through an enhanced 
bounding-sphere algorithm. In addition, extra features such 
as voice input/output, real-time texture-mapped video input, 
stereo and head-mounted display support, and replicated display 
facilities are implemented. The SPRING simulator shown here 
is running an astronaut training application in the NASA Virtual 
Glovebox
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Skeletal Unloading in a Salt-Sensitive Hy per ten sion Model
Sara B. Arnaud

Genetic differences in the calcium metabolism of a 
small animal model for salt-sensitive human hy per -
ten sion may infl uence the response of the bone to 
skeletal un load ing. Dr. Thierry-Palmer (Morehouse 
School of Medicine, Atlanta, GA) has established 
dif fer enc es in vitamin D status and in calcium 
excretion in the urine of Dahl salt-sensitive and salt-
resistant hypertensive rats that appear to be gender 
specifi c. The nutritional status of vitamin D is lower 
in female rats with salt-sensitive hypertension than 
in the salt-resistant strain. Salt-sensitive females also 
lose more calcium in the urine when fed high salt 
diets than salt-resistant females. This com bi na tion of 
abnormalities places the Dahl salt-sensitive female 
fed a high salt diet at increased risk for 
osteoporosis and possibly osteopenia following 
skel e tal unloading.

Before the dynamic unloading experiments, basal 
studies of the long bones of salt-sen si tive and salt-
resistant female rats fed normal diets did not reveal 
any differences in the mineral content or strength. 
Mineral content was determined by the weight of 
bone ash after incineration for 18 hours. Breaking 
strength was evaluated by the peak torque mea-
sured at torsional failure by internal rotation of the 
femurs with an instrument developed at NASA 
for testing the bones of small animals (R. Whalen 
and T. Cleek). After 4 weeks of skeletal unloading, 
femurs of salt-sensitive juvenile females fed low 
normal salt diets (0.3%) showed greater decreases 
in min er al content than salt-resistant rats. The dif-
 fer ence was less clear in rats fed high salt diets 

(2%) during exposure to a spacefl ight model (Fig. 
1). The de crease in femoral strength, based on our 
torsion test, was similar in all 4 groups (Fig. 2). The 
dis crep an cy in measures of bone composition and 
structure was unexpected. The salt-resistant strain 
of Sprague-Dawley rats were better able to maintain 
bone min er al content than the salt-sensitive strain. 
Impaired vitamin D nutrition and calcium wasting 
in salt-sensitive animals appears to make them more 
vul ner a ble to the osteopenia induced by simulated 
weightlessness.

Fig. 1. Average percent differences in mineral content of femurs 
from juvenile female Dahl salt-sensitive (SS) and salt-resistant 
(SR) rats fed normal (0.3%) or high (2%) salt diets after four 
weeks unloading compared to loaded bones. Differences between 
unloaded and loaded bone measurements were signifi cant at 
p < 0.05 level except for the mineral content in SR at both levels 
of dietary salt. 
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Point of Contact: S. Arnaud
(650) 604-6561
Sara.B.Arnaud@nasa.gov

Computed Tomography X-ray Beam Spectrum Estimation 
Robert Whalen, Tammy Cleek, Miki Matsubara

The objective of this research project is to per-
fect a method for estimating the effective X-ray 
beam spectrum of a clinical computed tomography 
(CT) scanner. Ames previously patented an image 
pro cess ing technology that corrects an artifact of 
X-ray imaging known as “X-ray beam hardening.” 
By correcting beam hardening errors, more accurate 
and precise measurements of bone density through-
 out the interior volume of a bone are obtained. The 
patented error-correction technique requires that the 
effective beam spectrum that took the image to be 
corrected is known.

The X-ray source of all clinical X-ray scanners pro-
duces X-rays with a “spectrum” of photon en er gies, 
and not all X-ray sources are alike. Two spec tra with 
slightly different shapes will produce two slightly 
different images of the same object. X-ray attenu-
ation is a function of (X-ray) photon energy; lower 
energy photons are absorbed pref er en tial ly. The 
X-ray attenuation properties of a specifi c ma te ri al 

depend primarily on its physical density and chemi-
cal composition; materials with higher density and 
higher atomic number will attenuate X-rays more. 
A good example of a highly attenuating ma te ri al is 
lead; conversely, X-rays pass right through air with 
little attenuation.

In order to estimate the effective beam spectrum of 
a CT scanner, a phantom was constructed (shown 
in Fig. 1), composed of fi ve materials machined 
into steps of different thickness. The fi ve ma-
terials—aluminum, tefl on, polyvinyl chloride, 
polymethyl methacrylate, and high density poly-
 eth yl ene— bracket the X-ray absorption char ac -
ter is tics of living tissue with aluminum closest to 
bone tis sue, and polyethylene closest to fat or bone 
marrow. Each of the fi ve materials has a known 
physical density, known chemical composition, and, 
there fore, known X-ray attenuation as a function of 
photon energy. 
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Fig. 2. Average percent differences in breaking strength of fe-
murs from Dahl rats as described in Figure 1. The differences (p 
< 0.05) between unloaded and loaded bones were similar in 
all groups.
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The beam estimation phantom shown in Fig. 1 
is mounted on the end of a CT scanner table and 
scanned in helical mode at three standard peak volt-
age settings: 80, 120 or 140 Kilo electron Volts peak 
(KeVp). Cross-sectional images of each of the fi ve 
materials are processed to obtain the amount of X-
ray attenuation caused by the beam passing through 
each step of each material. These at ten u a tions, and 
the respective material and step thick ness es, form 
the experimental data set. Because the X-ray attenu-
ation function of each of the materials is known, 
the X-ray attenuation through any thick ness of 
material can also be computed analytically for any 
beam spectrum shape. An optimization algorithm 

estimates the “best-fi t” beam spectrum by iteratively 
altering the beam spectrum shape until the X-ray 
attenuation values for all materials and thicknesses, 
computed analytically, match the experimental data set 
with a minimum of error. Re sults for the three stan-
dard CT peak voltage settings are shown in Fig. 2.

Fig. 1. Precision-machined computed tomography X-ray beam 
spectrum estimation phantom constructed of fi ve materials with 
known X-ray attenuation properties. 

In the last year, the entire procedure including scan-
 ning and image processing has been reduced from 
hours to minutes. The next step is the addition of 
more materials to the phantom in order to in crease 
further the ac cu ra cy of measuring bone density.

Point of Contact: R. Whalen
(650) 604-3280
Robert.Whalen@nasa.gov

Fig. 2. Best-fi t estimated effective beam spectra for 80, 120 and 
140 KeV obtained from the GE CTi HiSpeed Advantage Clinical 
Computed Tomography scanner housed at the Stanford Univer-
sity Hospital (KeV: Kilo electron Volts). 
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Accurate Measurement of Bone Density with Quantitative 
Computed Tomography
Robert Whalen, Tammy Cleek, Miki Matsubara, Gary Beaupré, Chye Yan

The objective of this research is to determine the 
accuracy and precision of measuring bone density 
with a new quantitative computed tomography tech-
 nol o gy. In this study, a phantom of known confi gu-
ration and material composition was 
designed at Ames Research Center (ARC) and fab-
 ri cat ed by QRM GmbH in Germany. This com pa ny 
also man u fac tures the European Spine Phan tom, 
considered a “gold-standard” for cross-
calibration of bone densitometry machines and im-
aging mo dal i ties. The phantom is composed of two 
materials, a water-equivalent compound and hy-
droxyapatite, mixed together in precise pro por tions. 
The water-equivalent material is an epoxy matrix 
with ad di tives to give the composite the computed 
to mog ra phy (CT) imaging properties of water, the 
major component of human soft tissue. The other 
material, hy droxya p a tite, is the mineral component 
of bone tissue.

The bone density phantom was scanned at 80, 120 
and 140 Kilo electron Volts peak (KeVp) with the 
GE CT/i HiSpeed Advantage scanner with a beam 
hardening ring (polyvinyl chloride or tefl on) in the 
image fi eld. Figure 1(a) is a CT image of the phan-
 tom alone, and Fig. 1(b) is an image with the beam 
hardening ring in place. The phantom was designed 
to have the approximate physical size and range in 
bone density as a human calcaneus (heel bone), but 
not designed to resemble its shape. In the CT image 
shown in Fig. 1(a), the outer thick ring is composed 
of water-equivalent material, the inner 50.0 mil-
 li me ter (mm) diameter, 2.0 mm thick ring is com-
 posed of 800 milligrams/cc (mg/cc) hy droxya p a tite 
in a water-equivalent matrix. Inside the ring are fi ve 
smaller solid cylinders of various mixtures of water-
equivalent material and hydroxyapatite. 
The remaining material inside the ring is composed 

of 200 mg/cc hy droxya p a tite in the water-equivalent 
ma trix. A high X-ray attenuating material (either 
poly vi nyl chloride or tefl on) was slipped over the 
phan tom and the combination imaged with CT (see 
Fig. 1(b)). The purpose of the beam hardening ring 
was to alter the re con struct ed image by introduc-
ing non-axisymmetric beam hardening as shown in 
the color-coded image in Fig. 1(c). In an error-free 
image, materials with the same composition should 
have the same CT number (color). Variations in 
color in the image indicate image artifacts caused by 
beam hardening. 

All images were corrected using the new quan ti -
ta tive computed tomography beam hardening cor-
 rec tion technology. Unlike other QCT methods, the 
technology does not use bone calibration standards 
placed in the image fi eld. Instead, the method uses 
an estimate of the effective X-ray beam spectrum 
that produced the image in order to correct the im-
age. Obtaining an estimate of the effective beam 
spectrum is the subject of another article in this re-
port. Another important difference is the manner in 
which results are calculated. Since the bone den si ty 
phantom is constructed of a combination of only 
two materials, the algorithm com putes the volume 
fraction of hydroxyapatite and water-equiv a lent ma-
trix in each voxel. The color-coded corrected image 
is shown in Fig. 1(d).

The error in computed volume fraction of hy droxy-
a p a tite was relatively insensitive to beam hardening 
ring material, hy droxya p a tite concentration, and 
scan voltage setting (80, 120 and 140 KeVp). There-
 fore, the relative error in measuring hy droxya p a tite 
volume fraction was higher for the lower concentra-
tions. The improvement in accuracy fol low ing cor-
rection is shown in Figs. 2(a) and 2(b). Figure 2(a) 
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plots uncorrected values for the CT number for each 
volume fraction (concentration) of hydroxyapatite 
for each of the three scan voltage settings. Note that 
the CT number depends on the voltage setting and 
whether the phantom was scanned alone or with 
one of the beam hardening rings. Once the image 

Fig. 1(a)-1(d). Computed tomography (CT) images of a bone density phantom with and without an outer beam hardening ring. (a) CT 
image of the bone density phantom (QRM GmbH, Germany) composed of mixtures of water-equivalent matrix and hydroxyapatite. 
Five inner solid cylinders: 0, 50, 100, 400 and 800 mg/cc hydroxyapatite; inner ring: 800 mg/cc hydroxyapatite. (b) CT image of 
the phantom with an outer beam hardening ring. (c) Uncorrected color-coded CT image showing signifi cant errors in CT number. 
(d) Beam-hardening-corrected image. Each material composition now has a single color dependent on the X-ray attenuation char ac -
ter is tics of the material. Colors range from orange (low attenuation water-equivalent) to deep blue (800 mg/cc hydroxyapatite in the 
phantom and the beam hardening ring).

is corrected (Fig. 2(b)), the scanning conditions no 
longer affect the results. In addition, the measured 
value is close to the “true” value. It is believed that 
these results can be improved upon by refi ning the 
estimate of the ef fec tive X-ray beam spectrum. This 
is a current research task.

(c)(c) (d)

(a) (b)
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Fig. 2(a)-2(b). Plots of accuracy in measuring hydroxyapatite (HA) volume fraction (concentration) with uncorrected 2(a) and corrected 
2(b) images for the following scan conditions: without a beam hardening ring (alone); with polyvinyl chloride (PVC) ring; and with a 
tefl on ring. Each condition was scanned at 80, 120 and 140 KeVp. 2(a) The CT number for each volume fraction of hydroxyapatite is 
highly dependent on the scan condition. 2(b) The measured volume fraction is close to the “true” value and highly independent of the 
scan conditions.
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Mechanical and Gravitational Loading of Osteoblasts
Nancy D. Searby, Ruth K. Globus

Mechanical forces, generated by gravity, weight-
bearing, and muscle contraction, play a key role in 
the genesis and main te nance of skeletal structures. 
Astronauts exposed to prolonged spacefl ight suffer 
from bone loss, which has been shown in growing 
rats to result from reduced bone formation by os teo -
blasts. It is not understood at a molecular level how 
mechanical forces regulate cells, although some 
signals are transmitted along a network of proteins 
that extend from the proteinaceous matrix residing 
outside the cell (extracellular matrix) via cell mem-
 brane receptors (integrins) to intracellular polymeric 
arrays (cytoskeleton). The long-term goal of the re-
search program is to understand at a molecular level 
how mechanical forces, such as those gen er at ed by 
weight bearing and gravity, regulate os teo blasts. 
The specifi c research ob jec tives are to (1) establish 

and characterize both in vitro and in vivo models for 
determining the effects of gravity and me chan i cal 
strain on osteoblasts; (2) identify com po nents in the 
extracellular matrix/integrin/cy tosk el e ton network 
which are crucial for the pro lif er a tion, dif fer en ti-
 a tion, and survival of os teo blasts; (3) determine 
specifi c cellular re spons es to changes in mechanical 
load; and (4) identify molecular mechanisms that 
mediate cellular responses to mechanical loads.

Two approaches were employed to establish use-
ful in vitro models for investigating the molecular 
responses of os teo blasts to mechanical forces. One 
approach involves de ter min ing the response of 
cultured osteoblasts to a mechanical stimulus that 
mimics the forces generated during weight-bear-
ing. To this end, a novel loading apparatus was used 

Point of Contact: R. Whalen
(650) 604-3280
Robert.Whalen@nasa.gov
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to apply physiologic levels of mechanical strain 
by deforming the growth substrate of live cultured 
osteoblasts during real-time confocal microscope 
imaging (see Fig. 1). Experiments investigating cell 
shape changes resulting from application and 
release of a single step uniaxial tensile load re vealed 
that osteoblast shape, known to infl uence gene 
expression, changed slowly upon application of 
loading, but quickly upon release of loading.
A second way to evaluate the responses of os teo -
blasts to mechanical forces is to expose cells to 
hypergravity by cen trif u ga tion. Using the Ames 

Fig. 1. Loading system.

Fig. 2. One-foot diameter centrifuge. (a) Centrifuge with adjacent control incubator. (b) Close-up of centrifuge rotor.

Research Center One Foot Diameter Centrifuge (see 
Fig. 2), experimental studies investigated whether 
hypergravity induces osteoblast cytoskeleton and 
overall shape changes, and whether the paracrine 
signaling factor prostaglandin E2 (PGE2) increases 
as observed with other types of mechanical stim u -
la tion. Centrifugation of cultured osteoblasts led to 
increased PGE2 production, minor morphological 
changes in the mi cro tu bule network architecture, 
and reduced mi cro tu bule network height. Additional 
experimental studies determined that the responses 
depended on the maturity of the os teo blasts, the ori-
entation of the gravity vector, the magnitude of the 
hypergravity stimulus, and the duration of hyper-
gravity ex po sure.

To evaluate the physiologic role of integrins in 
response to mechanical loads in vivo, studies were 
performed using transgenic mice exposed to altered 
weight bearing (hind-limb unloading). These trans-
genic mice were genetically engineered to express 
a dominant negative form of the beta 1 integrin 
sub unit in osteoblasts. It was found that as the trans-
genic mice age, the animalʼs body mass and bone 
size and mass is greater than in wild-type controls. 

(a) (b)
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Molecular and Cellular Characterization of a Mitotic 
Checkpoint Gene during Zebrafi sh Development: 
Implications for the Responses to Space Radiation and 
Human Breast Can cer
Gregory Conway 

A major goal of the NASA mission is understand-
ing biological responses to the space environment. 
Space imposes two con di tions quite different 
from terrestrial life: lack of gravity and increased 
ra di a tion exposure. The Conway laboratory, in col-
 lab o ra tion with another laboratory (also at Ames 
Research Center), has discovered a gene that moni-
tors ra di a tion damage in cells and ultimately allows 
damaged cells to repair themselves. The human 
gene has also been found by others to be amplifi ed 
in aggressive breast tumors. Thus this research not 
only addresses a critical NASA mission, but also 
has important implications for human health here on 
Earth.

The zebrafi sh is used as a model organism (Fig. 1) 
in the laboratory. The zebrafi sh possesses most of 
the major organ systems and tissue types found in 
humans. The development of the zebrafi sh is almost 
identical to human development, with the ad van -
ta geous exception that a single cell develops into 
a complete fi sh in only two days. The precocious 
development, clear transparent embryos, prodigious 
reproductive capacity (each female lays 300 eggs 
per day), transgenic capabilities, and gene knockout 

technologies make this organism an ideal system 
for developmental studies. Also, the entire zebrafi sh 
genome is being sequenced and all the genes of the 
zebrafi sh will be known by October 2002.

A general strategy used in the laboratory is to 
knock out a gene in the zebrafi sh by injecting a 
specifi c gene inactivator (called a morpholino). 
Embryos are then examined for any developmental 
defects. If de vel op ment is affected, it can be con-

Fig. 1. The adult zebrafi sh is approximately one inch long and 
found at most pet stores. In the background is a male, and in the 
foreground a female.

Thus, signals from the beta 1 integrin within os-
 teo blasts appear to infl uence overall metabolism. 
Fur ther more, hindlimb un load ing caused defi cits in 
bone mass both in transgenic and wild-type mice, 
suggesting that the skeletal effects of disuse are not 
affected by a disruption of beta 1 integrin signaling 
in osteoblasts.

Point of Contact: N. Searby
(650) 604-6794
Nancy.D.Searby@nasa.gov
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 fi rmed that the defect is caused by specifi c gene 
inactivation by replacing the gene in morpholino-
treated embryos and looking for developmental 
rescue. This “knockout-replacement” strategy is 
a powerful technique, since the rescuing gene can 
be modifi ed prior to injection so that func tion al ly 
important parts of the gene can be identifi ed. Por-
 tions of the gene can be deleted (called a splice and 
dice experiment), regions thought to be im por tant 
changed (called a wreck and check), or portions of 
other genes fused with the gene of interest (called 
a cut and paste experiment). Also, the replacement 
gene can be fused or joined to a gene that encodes 
a green fl uorescent protein (GFP). This fused gene 
combination will produce a chimeric protein with 
one end that fl uoresces. By viewing embryos and 
cells with fl uorescence, the location of the gene 
of interest can be determined in the whole animal 
(Fig. 2(a)), at the level of in di vid u al cells 
(Fig. 2(b)), or even at the subcellular level 
(Fig. 2(c)).

Using molecular techniques, a gene (G12) has been 
identifi ed that is robustly activated during early 
development. Using the knockout-replacement 
strategy described above, it was found that the G12 
gene is required for the cells of embryos to ac cu -
rate ly progress through mitosis (cell division). In 
the absence of this gene, chromosomes often fail 
to separate and segregate to daughter cells, a defect 
called nondisjunction. When this happens, mitosis 
continues leading to dumbbell shaped cells with two 
nuclei connected by a thin bridge (Fig. 2(d)). When 
G12 is replaced, aberrant mitosis is not observed. 
Nondisjunction is a hallmark of DNA damage, and 
in normal cells when DNA damage occurs, mitosis 
is arrested by a specifi c group of proteins called 
checkpoint proteins. During mitotic arrest damage 
is corrected and mitosis then resumes, or if the DNA 
damage is too severe the cells undergo a self-
destruction/death program called appoptosis. Dumb-

 bell shaped cells are normally never observed in 
cells with intact checkpoints. Injection of the 
G12 gene fused to GFP indicates that this gene 
is lo cal ized to the cellular machinery (the mitotic 
spindle) that separates chromosomes (Fig. 2(c)). 
This localization agrees with the defects that are 
seen when it is inactivated. It makes sense that a 
com po nent of the chromosomal separating ma-
 chin ery would lead to aberrant chromosomal separa-
tion when in ac ti vat ed.

Many checkpoint genes are found to be duplicated 
in human tumors. At fi rst it would seem paradoxical 
that a gene whose function is to insure faithful cell 
duplication would be amplifi ed in tumors. However, 
it has been found that when genes like this are 
amplifi ed, the amplifi ed copies are usually not func-
 tion al and often act as oligomers with them selves. 
Amplifi ed “bad copies” inactivate the good genes 
when they associate with one another. G12 acts as a 
dimer and we hypothesize that the am pli fi ed copies 
found in aggressive breast tumors are inactive. This 
hypothesis will be investigated with clinician col-
 leagues using tumors removed from human patients. 
It will be interesting to see if the number of copies 
of this gene correlate with tumor ag gres sive ness and 
metastatic potential and to see 
if amplifi ed copies contain inactivating mutations. 
Amplifi cation of this abnormal gene would allow 
cell division even in the presence of chro mo som al 
abnormalities, creating further damage and muta-
tion leading to especially deadly cancer. This gene 
is a potential drug target for breast cancer therapies. 
With regard to the NASA mission, the importance 
of this gene in the cellular and organismal response 
to radiation is obvious. Understanding the cellular 
machinery required for radiation resistance will lead 
to coun ter mea sures that enable long-term space-
 fl ight in high radiation fl ux. This project is an ex-
 cel lent example of NASA mission-relevant research 
ben e fi t ing human life on Earth.
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Fig. 2. The G12 protein expressed as a fl uorescent fusion product with a green fl uorescent protein (GFP) is indicated by the green color. 
The distribution of G12 can be viewed in the whole animal a), at the level of individual cells b), or at the subcellular level c). In fi gure c), 
the G12 protein is indicated by yellow as well as green color. Chromosomes are shown in blue color. Notice in fi gure C the yellow G12 
containing structures in the cell attached to the blue chromosomes in the middle of the cell. These yellow G12 containing struc tures 
are spindle poles and will ultimately separate the blue chromosomes to the daughter cells that arise from this dividing cell. In fi gure d), 
chromosomes have been stained and appear white. In normal cells, well defi ned groups of chromosomes or cell nuclei are seen. When 
G12 is eliminated chromosomes fail to completely separate to daughter cells, and strands of chromosomes can be seen connecting 
daughter nuclei.

d)

Point of Contact: G. Conway
(650) 604-3595
Gregory.Conway@nasa.gov
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Cell Culture Unit Development for the International 
Space Station
Nancy D. Searby, Donald P. Vandendriesche

The Cell Culture Unit (CCU) is being developed 
by Payload Systems Inc. (PSI) to support basic 
research onboard the In ter na tion al Space Station 
using animal, plant and microbial cells, small swim-
 ming aquatic cells, and small tissues. The hardware 
de vel op ment effort during FY01 has focused on 
completion of the fi rst hardware item, the Science 
Evaluation Unit (SEU), which is used to dem on -
strate the feasibility of supporting the required sci-
 ence in the hardware. The SEU hardware is built, 
engineering testing is complete, and science testing 
is currently in progress. One of the three SEUs in 
the program was delivered to Ames Research 
Center (ARC), and it has been used by the ARC 
con sult ant to test and validate SEU hardware 
perform ance with yeast cells. The SEU is shown in 
Fig. 1(a), and a schematic of one perfusion loop is 
shown in Fig. 1(b).

Testing has focused on accommodating a diverse 
array of candidate cell types, of which each chal-
 leng es the hardware in a different way. To date 

science testing with the SEU at the contractorʼs 
facility has included yeast, tobacco BY2, and 
C2C12 muscle myoblast cells. Success criteria have 
been established for each cell type and the results 
of each test in the SEU are compared to standard 
lab controls that are maintained concurrent with the 
SEU test. The parameters established as success 
criteria for yeast are viability, proliferation, sus-
 pen sion, morphology, and genetic stability. Samples 
of cells and media are taken from the Cell Specimen 
Chambers (CSC)s in the SEU at predetermined time 
points and are compared to the shaker fl ask con trols. 
Tests are also performed to detect for cell escape 
from the CSC, where the cells are main tained within 
the SEU, and to measure pH, the partial pressure of 
oxygen, and the partial pressure of carbon dioxide 
in the media. The success criteria for yeast were 
successfully demonstrated in SEU tests performed 
both at the contractorʼs facility and at ARC. Figure 
1(c) shows a photo of yeast taken using the Video 
Microscopy System (VMS) in the SEU. Testing has Fig. 1(a). Science Evaluation Unit. 

Fig. 1(b). Schematic of Cell Culture Unit Perfusion Loop.
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progressed well with tobacco BY2 cells and C2C12 
muscle monolayer cells in the SEU, and future tests 
are planned to demonstrate all of the success criteria 
for each of these cell types.

A collaborative effort is underway between ARC, 
PSI, and NASA Glenn Research Center (GRC) to 
optimize the fl ow environment within the CSC to 
meet the following complex and even con fl ict ing 
requirements: to provide uniform gas and nutrient 
exchange, to maintain cell suspension, and to con-
 trol hydrodynamic stress es acting on the ad her ent or 
suspended cultures. ARC and PSI performed fl ow 
visualization studies using primarily the 10 mil li li ter 
volume (10 ml) CSC to characterize the nominal 
fl ow environment within the CSC, and then this data 
was used to defi ne fl ow parameters for the different 
cell types experiments. ARC is performing Par-
ticle Image Velocimetry with both the 10 ml CSC 
and a laboratory shaker fl ask to quantify the actual 
magnitude of the hydrodynamic forces that the cells 
would be exposed to in these two different environ-
ments. The forces generated by the fl ow fi eld that 
cells encounter within the CSC will be compared 
to the shaker fl ask to ensure that they are within the 
bounds of typical laboratory ex per i ments. ARC and 
GRC are using computational fl uid dynamics (CFD) 

to study the fl ow en vi ron ment around the cell in the 
CSC. Using CFD, a detailed model of the CSC has 
been developed to predict the fl ow fi eld within the 
CSC for a wide variety of fl ow conditions. CFD can 
be used to predict the micro gravity fl uid fl ow envi-
ronment in the CSC prior to any microgravity tests. 
Because the CCU will be placed on a centrifuge 
onboard the In ter na tion al Space Station, and will be 
subjected to hypergravity up to twice Earthʼs gravity 
(or 2-g), ARC has per formed a 2-g single loop, fl uid 
fl ow visualization test using the ARC Hypergravity 
Fa cil i ty for Cell Culture. The data from the 1-g and 
2-g fl ow vi su al iza tion tests will be used for com-
 par i son to validate the CFD model, and to en sure 
that the fl ow regimes are adequate at both g-levels.

In parallel with the SEU hardware development and 
science testing efforts, the fl ight design has pro-
 gressed. Figure 2 illustrates the latest fl ight design 
concept. Lessons learned as a result of SEU testing 
are being fold ed into the fl ight design. Prototypes of 
key subsystems of the fl ight design, including the 
Video Mi cros co py System, Automated Sampling 

Fig. 1(c). Yeast cell image taken with SEU Video Microscopy 
System.

Fig. 2. Cell Culture Unit Flight Design Concept.
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Module, and Cell Lighting Module have been 
designed, built, and tested. The effort for the fl ight 
design has focused on packaging of all the com po -
nents into a standard International Subrack In ter face 
Standards 12 Panel Unit drawer. A thermal model 
has been built and tested to characterize the thermal 
environment of the CCU. The actual test data will 
be used to validate the analytical model used for the 
fl ight design. Extensive long term stability testing 

has been per formed with both the microelectrode 
and commercial glass electrode pH sensors. Plan-
 ning is in progress for a critical design review for 
the fl ight design in 2003.

Point of Contact: N. Searby
(650) 604-6794
Nancy.D.Searby@nasa.gov

Tissue-Level and Whole Animal Responses to Altered Grav i ty
Catharine A. Conley

The evolutionary development and cell biology of 
mem bers of the Tropomodulin (Tmod) family of 
actin-fi l a ment capping proteins is the major focus of 
this lab o ra to ry. The Tmods make up a small well-
con served protein family, the members of which 
show no sig nifi   cant sequence similarity to other 
known pro teins. Func tion al ly, every member tested 
of the Tmod family is able to bind at least some 
tro pomy o sin isoforms in in vitro assays as well as 
in vivo, and displays capping activity at the slow-
growing ʻpoint ed  ̓end of pure or coated actin 
fi l a ments. The Tmods are the only proteins known 
to display these bio chem i cal func tions together, and 
until recently, were the only proteins known to cap 
actin fi laments at the slow-growing ends. Struc tur -
al ly, the Tmods are divided in two subfamilies, 
the ~40 kilo Daltons (kD) tropomodulins and the 
60-70 kD leiomodins (Lmods). Four 40 kD Tmod 
isoforms have been found in vertebrates, and all 
four isoforms are con served between rats, mice, and 
humans; to date, some but not all of these isoforms 
have been iden ti fi ed in birds, amphibians, and fi sh. 
Two (of three) additional Lmod isoforms have been 
identifi ed that are conserved between rats, mice, and 
humans. Only one Tmod isoform of 40 kD has been 
found in Drosophila, and two in C. elegans, while 
no sig nifi   cant similarity has been shown between 
any Tmod isoform and plant or fungal proteins, sug-

gesting that this family represents an animal-spe-
cifi c lin eage. All family members contain an ~180 
amino-acid region thought to be involved in actin 
capping that makes up the carboxy-terminal half 
of the 40 kD Tmods and is centrally located in the 
Lmods, as well as an amino-terminal 50-100 amino 
acid (aa) region that is involved in binding tropo-
myosin. Understanding the function of Tmods and 
Lmods at the cellular and biochemical levels, and 
deducing their folded structures using both experi-
mental and com pu ta tion al approaches, are areas of 
active research in the laboratory.

Specifi c Tmod and Lmod isoforms are expressed 
in a developmentally-regulated and tissue-specifi c 
manner in mammals. The function of some Tmod 
isoforms appears to be essential in vivo, based both 
on work from other laboratories using transgenic 
mice, and a close linkage of Tmod1 with a human 
familial cardiomyopathy. Other Tmod family mem-
bers are potentially involved in disease states, as 
well. The Lmod1 isoform, also known as SM-Lmod 
because it is predominantly expressed specifi cally 
in smooth muscle, was originally identifi ed as a po-
 ten tial autoantigen in Graves  ̓disease. I pre vi ous ly 
dem on strat ed that this protein is expressed in a sub-
set of extraocular muscle fi bers as well as smooth 
muscle, research that is con tinu ing in the 
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Insertional Mutagenesis Screen for Otic and Other Genes in 
Xenopus Tropicalis
Marcela Torrejon, Sigrid Reinsch

Sensitivity to gravity is essential for spatial ori en -
ta tion. Consequently, the gravity receptor system is 
one of the phylogenetically oldest sensory systems, 
and the special adaptations that enhance sensitivity 
to gravity are highly conserved. The vestibular ap-
paratus of humans and other vertebrates is com-
 bined with the auditory apparatus. Since the sensory 
epithelia of both vestibular and auditory structures 
of all vertebrates share a common basic tissue ar chi -
tec ture of hair cells and supporting cells, genes that 
are identifi ed that have a role in gen er at ing these 
structures in one vertebrate are relevant to studies of 
human sensory epithelial defects.

A transgenic approach is used in the frog, Xeno-
pus tropicalis, to identify genes expressed during 
ves ti b u lar/auditory and neural development. A trans-
genic animal is one that is engineered to carry a for-

eign gene, or “transgene,” as part of its own genetic 
material. These animals are very useful for discov-
ering new genes and for determining or con fi rm ing 
the function of genes. The transgene that is being 
used is a jellyfi sh gene called “green fl u o res cent 
protein” (GFP). Cells that express GFP are green 
under fl uorescent light. The GFP gene is randomly 
inserted into the Xenopus sperm chro mo somes in a 
test tube. When the sperm are united with the egg, 
the resulting embryos now have the transgene. The 
GFP gene can be inserted anywhere in the sperm 
DNA; where it is inserted determines the organ 
in which it is expressed. In some cases the GFP 
transgene will insert in a gene that is active during 
ear development. When this happens, the tadpoles 
(frog embryos) will have green ears that allow easy 
identifi cation of these animals. The nor mal function 
of the gene into which the GFP transgene is inserted 
may be disrupted causing abnormal (mutant) ear 

lab. Some Tmod isoforms display altered expression 
under con di tions of muscle atrophy, an area of inter-
est to NASA due to concerns for astronaut health.

The other major research activity is more di rect ly 
related to NASA̓ s interest in Astrobiology: microar-
ray analysis is being used to determine the effects 
of spacefl ight, simulated hypergravity, and other 
mechanical stimulation conditions, on gene expres-
sion in two model systems: rat tissues, in collabora-
tion with Affymetrix in Sunnyvale, and C. elegans, 
in collaboration with Stuart Kim at Stanford. 
Preliminary results from these studies suggest that 
fewer than 100 genes display sig nifi   cant ly altered 
expression levels in each sys tem. C. elegans treated 
by centrifugation at 10xG for 4 days displayed 
statistically signifi cant al ter ations in the expres-

sion of structural proteins and cell-surface signal 
receptors, as well as genes of unknown func tion. 
By comparing centrifugation with other types of 
mechanical stimulation, we expect to identify com-
ponents of mechanosensory pathways, in clud ing 
possibly ʻweight-detector  ̓systems. In the fu ture, 
the opportunity to perform spacefl ight ex per i ments 
with C. elegans is an tic i pat ed, which could provide 
ad di tion al insight into these re spons es. Because 
cen trif u ga tion of C. elegans is a common laboratory 
procedure, this research has the potential for rather 
broad relevance.

Point of Contact: C. Conley
(650) 604-0234
Catharine.A.Conley@nasa.gov
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development. This is called insertional mutagenesis. 
Such mutants will help us understand the normal 
function of the genes during ear de vel op ment.

Using these mutant frogs, we will clone and identify 
the mutated genes (and subsequently the nor mal 
genes). The GFP transgene sequence not only cre-
 ates a tag for visual screening of mutant animals, 
but also creates a tag for cloning the mutated otic 
gene. This tagging process is referred to as a gene-
trap.

Stable GFP-expressing lines carrying transgenes 
expressed in the otic regions and other tissues are 
being generated. To date we have identifi ed and 
are characterizing animals with insertions in genes 
expressed in ear, kidney, central nervous system, 

eye, muscle and epithelia. Figure 1 shows a typical 
transgenic tadpole with GFP expression in the de-
 vel op ing nervous system. Once transgenic tad poles 
are identifi ed, these founders are pooled, raised to 
adulthood, and outbred to establish the lines. 

Results of these investigations will provide essential 
knowledge of specifi c genes involved in de vel -
op ment as well as mutant lines that can be used for 
future studies of the specifi c function of the genes 
identifi ed through this screen. These studies will 
lead to a better understanding of the molecular 
mech a nisms involved in vestibular and auditory 
de vel op ment and function, and could lead to the 
iden ti fi  ca tion of genes that are clinically signifi cant 
in diseases affecting the vestibular and auditory ap-
paratus in humans.

Collaborators on this project include Elba Ser-
rano (New Mexico State University, Las Cruces), 
Ri ch ard Boyle (Ames Research Center), Robert 
Grainger (University of Virginia), and Enrique 
Amaya (Wellcome/CRC Cambridge University).

Point of Contact: S. Reinsch
(650) 604-3093
Sigrid.Reinsch@nasa.gov

Fig. 1.  A typical transgenic tadpole with green fl uorescent pro-
tein (GFP) expression in the developing nervous system.
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Toward the First Mammalian Birth in Space: Insights 
Derived from Hypergravity
April E. Ronca, Lisa A. Baer, Charles E. Wade

The objective of this research is to advance the 
understanding of how the universal mammalian 
processes of pregnancy, birth, and offspring de vel -
op ment are infl uenced by gravity. In mammals, 
nurturance by the mother is of considerable im por -
tance to the survival, growth, and development of 
young mammals. Our laboratory and others have 
reported that, throughout birth and lactation, char-
 ac ter is tic maternal caretaking patterns give rise to 
important neural and physiological changes that 
promote healthy infant development and well-being. 
Maternal care in mammals evolved under the con-
 stant force of the Earthʼs 1-g gravitational fi eld. It 
is therefore reasonable to predict that the ma ter nal-
offspring relationship is modifi ed when gravity is 
changed. Beginning at birth, rat mothers typically 
lick and handle their young, retrieve and group 
them, and crouch over them to provide warmth and 
sustenance. In the early phases of lactation, mothers 
retain their pups within the nest, helping to maintain 
their pups  ̓body temperatures and providing nearly 
constant access to her nipples. One can envision 
that, in either hypo- (reduced) or hyper- (increased) 
gravity, dams may be impeded from adequately 
maneuvering their pups and maintaining close 

prox im i ty to them. Dams may encounter further 
dif fi  cul ty removing their pups  ̓amniotic membranes 
at birth, an action that is essential for clearing the 
nares and onset of respiratory gas exchange. 
Retrieving behavior, important for maintaining 
close proximity between mothers and offspring 
during nursing, may be of limited effectiveness 
in the weightless environment of space; pups, 
once re trieved, may simply fl oat away. Specifi c 
maternal processes related to nursing and lacta-
tion, e.g., mammary metabolism, are also affected 
by ex po sure to altered gravity. Fluctuations in the 
motherʼs endocrine status or changes in sensory 
char ac ter is tics of newborns may interfere with the 
onset and maintenance of maternal care. These 
considerations raise numerous possibilities for 
disruptions of maternal-offspring relations during 
spacefl ight and centrifugation.

Research on mammalian reproduction and de vel -
op ment in space has progressed slowly. Over the 
last 20 years, only six spacefl ight missions have 
carried pregnant and lactating rat dams and their lit-
ters into low-earth orbit; one of these fl ights carried 
pregnant mice (Table 1).

Year                 Flight            Dur (days)                    Age at Launch‡

Table 1. Comprehensive list of spacefl ight missions carrying mammalian mothers and offspring.

1982                    COSMOS - 1514                                 4.5                                   G13

1994                    NIH.Rodent (R)1 (STS-66)                   11                                   G9

1995                    NIH.R2 (STS-70)                                   9                                   G11

1996                    NIH.R3 (STS-72)                                   8                                   P5, P8, P15

1998                    NEUROLAB (STS-90)†                         16                                   P8, P15

‡ G = Gestational age (G1 = sperm positive; G22/23 = term); P = Postnatal age (P0 = day of birth)
†Both nursing rat litters and pregnant mice (Mus musculus) were fl own this mission. 
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These studies of mammalian pregnancy and pre na tal 
development revealed many commonalities between 
animals fl own in space and those observed on Earth. 
Pregnant rat dams fl own in space during the latter 
half of gestation for periods ranging from 4.5 to 11 
days (Cosmos-1514, NIH.R1, and NIH.R2) gave 
birth to well-formed, live offspring upon recov-
ery. A study of labor and birth in the NIH.R1 and 
NIH.R2 dams revealed no effects on the overall 
duration of parturition or the temporal patterning of 
individual births; however, fl ight dams had twice as 
many labor contractions relative to ground controls. 
Changes in connexin proteins that form gap junc-
tions within the near term my o metri um may under-
lie the changes in contractile activity. Postnatally, 
the dams treatment of newborn pups (measured by 
pup-directed licking, handling, and retrieving) was 
unchanged. Flight mothers showed evidence of lac-
tation and nursing. Together, these studies show that 
mammalian pregnancy and prenatal development 
of offspring can proceed within the microgravity of 
space.

No mammal has yet been given the opportunity to 
give birth in space. This is due, in part, to results 
reported for nursing rat litters fl own in space. In 
contrast to the positive results reported for fetuses 
developed in space, postnatal mortality and poor 
growth was observed among the youngest litters 
fl own on the NIH.R3 and Neurolab fl ights. The 
losses of the young animals may have been caused 
by the motherʼs inability to keep free-fl oating pups 
gathered within the nest. The functional coher-
ence of the litter and close proximity of mother and 
young help foster important maternal behaviors 
that keep the pups warm and nourished. Together, 
space fl ight studies of mother rats and their offspring 
that have been conducted to date reveal much about 
the abilities and limitations of the maternal-off-
 spring system to adapt to microgravity. Spacefl ight 
during the second half of pregnancy did not disrupt 
the ability of rat mothers to undergo birth or to care 
for their young after they were returned to Earth. 
In contrast, spacefl ight beginning at fi ve days of 

post na tal age had negative effects on the neonateʼs 
survival. This fi nding raises questions about wheth-
 er rats can successfully give birth and main tain their 
young in space.

In recent studies, we have begun to lay the ground-
 work for space studies on these early de vel op men tal 
phases by studying the behavior of preg nant and 
lactating rat mothers and their pups in hypergrav-
ity. The fi rst goal was to establish a well-grounded 
experimental paradigm for studying ro dent de vel -
op ment during cen trif u ga tion. To fa cil i tate com-
 par i sons with existing fl ight data, pregnant rats were 
exposed to centrifugation be gin ning on G11 of the 
rats 22-day gestation pe ri od, the timetable followed 
for the NIH.R2 space fl ight ex per i ment. A modest 
gravity level of 1.5-g was se lect ed which enabled 
us to maximize neo na tal sur viv al while produc-
ing detectable hypergravity effects in the neonates. 
Comparisons were made among hypergravity-
exposed (HG), stationary yoked control (SYC), 
rotational control (RC) and Vivarium (VIV) groups 
with dams weight-matched across conditions. Fol-
 low ing centrifugation onset, HG dams showed an 
immediate decline in body mass averaging 8-15% 
less than those of SYC dams. Food intake and water 
intake (adjusted per 100g dam body mass) were also 
reduced in HG relative to SYC dams during the fi rst 
three days of centrifugation but not thereafter. 
Behavioral activity of the HG and SYC dams 
encoded from timelapse video (12:1 tape:playback 
ratio) during cen trif u ga tion revealed that HG 
dams were consistently less active (an average of 
25% across the fi rst four days) than SYC dams. 
Together, the fi ndings indicate that adaptation of 
preg nant rats to hypergravity is similar to that 
exhibited by non-reproducing adult animals.

After nine days of centrifugation, late pregnant 
(G20 and G21) SYC dams reduced their previ-
ous levels of activity, but HG dams failed to do 
so. The increased activity of HG dams during late 
preg nan cy led us to examine specifi c behaviors of 
the dams during this period. The amounts of time 

       of offspring can proceed within the microgravity of        of offspring can proceed within the microgravity of 
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par tic u lar ly sensitive to relatively modest (0.5-g) 
in cre ments in the Earthʼs gravitational fi eld. In the 
present study, we have identifi ed ma ter nal re pro -
duc tive experience as a major de ter mi nant of post-
 par tum survival in hypergravity. The newborn rat 
is profoundly vulnerable to changes in the Earthʼs 
gravitational fi eld, in part through changes in the 
motherʼs behavior.

These studies emphasize issues pertinent to mam-
 ma li an pregnancy and development spanning the 
gravity continuum from hypo- to hypergravity. 
Comparisons are summarized in Fig. 1, which il-
 lus trates survival rates of prenatal and postnatal rats 
at 0-g (top), 1.5-g (middle), and 2.0-g (bottom). 
The 0-g data represent a compilation of 10- to 16-
day spacefl ights of rats of differing ages (NIH.R1, 
NIH.R2, NIH.R3 and Neurolab [NL]; see Table 1). 
The 1.5-g data and 2.0-g data are redrawn from cen-
trifugation studies of developing rats that were 
8 to 32 or more days longer in duration.

Where data are available, spacefl ight and cen trif u-
 ga tion studies of developing rats share common 
outcomes. Exposure to either hypo- or hypergravity 
during the second half of pregnancy does not in ter -
rupt prenatal development. In con trast, survival of 
neonates (during the fi rst post na tal week) appears to 
be compromised under both conditions. In the case 
of hypergravity, the early postnatal hours are most 
sensitive; comparable data are not available from 
spacefl ight. Survival of rats greater than one week 
of age at the time of initial exposure to either space-
 fl ight or cen trif u ga tion is excellent. Im por tant ly, 
these results do not imply that all phys i o log i cal and 
behavioral systems of the offspring were intact and 
properly func tion ing or that their de vel op ment was 
unaffected by exposure to altered gravity.
The fi ndings indicate that hypergravity exposure 
disrupts patterns of nursing in rats, thereby im-
 pair ing pup survival and well-being. The consider-
ations discussed herein identify an important need 
for additional detailed and systematic studies of al-

spent feeding, drinking, and self-grooming were 
com pa ra ble in the HG and SYC dams, regardless 
of cir ca di an cycle. In contrast, the late pregnant HG 
dams spent three times more time engaged in nest-
building behavior in preparation for impending 
birth.

This latter observation suggested that changes in 
patterns of maternal care might play an important 
role in neonatal outcome during hypergravity ex-
 po sure. Next, the hypothesis that maternal re pro -
duc tive experience determines neonatal outcome 
fol low ing gestation and birth under hypergravity 
conditions was tested. Primigravid (fi rst pregnancy) 
and bigravid (second pregnancy) female rats were 
exposed to 1.5-g centrifugation from G11 through-
 out birth and the fi rst postnatal week. On the day of 
birth, litter sizes were identical across gravity and 
parity conditions although signifi cantly fewer live 
neonates were observed among hypergravity-reared 
litters born to primi grav id dams as compared to 
bigravid dams (82% and 94%, respectively; 1.0-g 
controls, 99%). Within the hypergravity groups, 
neonatal mortality was comparable across parity 
conditions from the fi rst to the seventh postnatal day 
at which time litter sizes stabilized. These results 
indicate that prior preg nan cy and birth can amelio-
rate neonatal losses in hypergravity during the fi rst 
24 hrs after birth, but not on subsequent days.

In seeking to explain the neonatal losses in hyper-
gravity, postpartum maternal behavior of the HG 
and SYC dams was compared. Similar to the results 
of the spacefl ight studies, there were no observ-
able changes in the mothers  ̓behavior during birth. 
The behavior of primigravid HG mothers differed 
from that of the other conditions in that these dams 
tend ed to disrupt nursing bouts and the nesting litter 
by frequently digging and rearranging the pups. 
This pattern was highly correlated with neonatal 
mortality (R2R2R = 0.99, N = 4 litters; p < 0.02).
The data suggest that during the period around 
the time of birth, the maternal-offspring system is 
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tered gravity effects on maternal-offspring relations, 
particularly around the time of birth. The role of 
maternal factors cannot be underestimated in stud-
ies through which we seek to understand formative 
roles of gravity in reproduction and development. 
These kinds of studies promise to yield important 
insights into how gravity shapes the earliest phases 
of life in mammals.

Point of Contact: A. Ronca
(650) 604-2644
April.E.Ronca@nasa.gov

Fig. 1. Summary of spacefl ight (upper bars) and centrifugation 
(lower bars) studies of prenatal and postnatal rats. Values repre-
sent offspring survival rates at developmental phases spanning 
from gestation to weaning. (G = Gestational day; 
P = Postnatal day). The shaded area depicts the absence of 
space fl ight data corresponding to early pregnancy and the perina-
tal period. Rats that were either P8 (NIH.R3) or P9 at launch (NL) 
were maintained in two different types of fl ight housing. *The 
lower survival rate shown corresponds to primi grav id dams; the 
higher survival rate corresponds to bigravid dams. 
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Chronic Acceleration (Hypergravity) Infl uences the 
Circadian System of the Rat
Chronic Acceleration (Hypergravity) Infl uences the 
Circadian System of the Rat
Chronic Acceleration (Hypergravity) Infl uences the 

Charles W. DeRoshia, Daniel C. Holley, Margaret M. Moran, Charles E. Wade

This study was conducted to evaluate the adapta-
tion response of rat deep body temperature (DBT) 
and lo co mo tor activity (LMA) circadian rhythms to 
acute hypergravity onset and chronic hypergravity 
exposure.This study was performed on the 24-foot-
diameter centrifuge in the Center for Gravitational 
Biology Research at Ames Research Center, with 24 
white rats randomly assigned to stationary con trol 
(1.0 G) and 1.5 G and 2.0 G hypergravity groups. 
DBT and LMA data were recorded digitally by 
telemetry at 5 minute intervals. Lights were on a 12:
12 hour light (45 lux):dark cycle with lights on 
at 06:00 a.m. Following a three day baseline data 
collection phase, in which the centrifuge was 
sta tion ary, the animals were exposed to the chronic 
cen tri fuge environment for 14 days.

Figure 1 shows that centrifugation onset resulted 
in a dramatic acute decrease (hypothermia) in rat 
DBT (-1.4, -2.4, -3.1 degrees C for the 1.25, 1.5 
and 2.0 G groups, re spec tive ly), along with visually 
evident disruption of the rhythmic waveform with 
reduced rhythm amplitude for several cycles. LMA 
was suppressed (Figure 1) for the duration of cen-
 trif u ga tion (-26.9% (1.25 G), -44.5% (1.5 G), and 
-63.1% (2.0 G), for days 12-14 relative to the base-
line sta tion ary phase. Internal DBT-LMA rhythm 
phase synchronization was signifi cantly disrupted at 
hypergravity onset and took 2.6, 3.0, and 4.5 days in 
the 1.25, 1.5, and 2 G groups, respectively, to return 
to baseline levels. Certain cir ca di an rhythm metrics 
(DBT cross correlation, LMA mean and amplitude) 
did not readapt by day 14 but did sta bi lize by 8.6 
days. This indicates that these rhythm metrics stabi-
lized to new steady state levels. In gen er al, circa-
dian rhythmic amplitude took long er to readapt and 
stabilize than circadian phase (peak times).

Circadian rhythm splitting was identifi ed as the 
dissociation of a single circadian rhythm into 
two statistically signifi cant peaks in the circadian 
pe ri od ic i ty range of 16-45 hours. Rhythm splitting 
oc cur renc es increased from 3 of 7 (DBT) and 1 of 
7 (LMA) rats at 1.25 G to 6 of 8 (DBT and LMA) 
rats at 2 G. Circadian rhythm splitting in one rat is 
il lus trat ed in Figure 2, where periodicity analysis 
shows that about two days after the onset of hyper-
gravity the DBT rhythm period (24.1 hrs) shortened 
and then dissociated into two separate rhythm com-
 po nents, which progressively diverged to 34.1 hrs 
and 19.0 hrs, respectively, then con verged and fused 
into a single circadian rhythm. The LMA rhythm 
(Fig. 2) shows a more complex pattern, with pro-
 gres sive period lengthening (free-running rhythms), 
rhythm splitting, and arrhythmia in ter spersed.

This study shows (a) hypergravity dose-dependent 
decreases in both core body temperature and gross 
locomotor activity, (b) a dose-dependent re la -
tion ship between hypergravity level and duration 
of readap tation and stabilization, and (c) the fi rst to 
show circadian rhythm splitting induced by hyper-
gravity exposure. Circadian rhythmicity in the rat is 
profoundly dis rupt ed by exposure to hypergravity. 
This may be the con se quence of cir ca di an phase 
shifts induced by hypergravity onset, emo tion al 
fear in response to the un an tic i pat ed en vi ron men tal 
chang es, or at ten u a tion of light/dark cycle en train -
ment. The results of this study have im pli ca tions for 
humans exposed to gravitational load transitions 
in the space microgravity en vi ron ment, since the 
potential induction of hypothermia and circadian 
rhythm disruption may have signifi cant deleterious 
effects upon cognitive performance and sleep qual-
 i ty in space.
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Fig. 1. Deep body temperature (DBT) and locomotor activity (LMA) circadian rhythms (30 min means) in white rats (means 
across 7-8 animals) during sta tion ary baseline (days –3 to –1) and hypergravity (days +1 to +14).
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Point of Contact: C. DeRoshia
(650) 604-5456
Charles.W.DeRoshia@nasa.gov

Fig. 2. Moving periodograms for DBT and LMA circadian rhythms during stationary baseline (days –3 to –1) and hypergravity (days 
+1 to +14), showing the splitting of the circadian rhythm into two com po nents (marked by triangles) in rat #20 at 1.5 G. Periodogram 
spectra were computed on 4-day data sets incremented at 6-hr intervals.
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Atmospheric Resources for Exploration of MARS
John Finn, Dave Affl eck, Lila Mulloth

The atmosphere of Mars has many of the in gre -
di ents needed to support human exploration mis-
 sions. It can be “mined” and processed to produce 
oxygen and buffer gas for breathing (used to dilute 
oxygen). With lightweight hy dro gen transported 
from Earth, or using water found in local deposits 
as a hydrogen source, storable methane rocket fuel 
can also be pro duced. The use of local materials, 
called ISRU (for in situ resource utilization), is an 
essential strategy for a long-term human presence 
on Mars from the standpoints of self-suffi ciency, 
safety, and cost. It is a key cost-reduction el e ment of 
NASA̓ s Strategic Plan.

The atmosphere of Mars is roughly 95% carbon 
dioxide, 3% nitrogen, and 2% argon. There are also 
trace amounts of other gases. Carbon dioxide is the 
resource for oxygen, and also provides the carbon 
that can be used in methane production. The pro-
 duc tion of these gases will likely dom i nate any early 
Mars manufacturing plant because of the quantity of 
materials needed to return samples or humans to or-
bit or to Earth. However, it is im por tant to recognize 
that buffer gas also represents a considerable launch 
mass, estimated on the order of two to three tons 
for a human mission (mainly due to airlock activ-
ity). With the proper selection of gas acquisition and 
processing technology, a more optimal ISRU plant 
can be designed that will pro vide all these resources 
with minimal mass and power consumption.

For example, carbon dioxide must be acquired from 
the Mars atmosphere, and purifi ed and pressur-
ized in order to be useful in a propellant production 
plant. Buffer gas is a potential by-product of the pu-
 ri fi  ca tion process. Ames Research Center de vel oped 
a process whereby the small amount of nitrogen and 
argon present in the atmosphere is effi ciently sep a -
rat ed from the carbon dioxide during an ad sorp tion 

com pres sion process (see fi g. 1). Carbon dioxide ad-
sorbs in the fi rst bed, while nitrogen and argon pass 
through and are collected in a separate adsorption 
bed. When the fi rst bed is heated, carbon dioxide is 
driven off at elevated pressure. Similarly, the nitro-
gen and argon are driven off at pressure when the 
second bed is heated. Such tem per a ture-swing ad-
sorption com pres sion and separation processes are 
highly ef fi  cient and are expected to work well on 
the cold Martian surface. Being virtually solid-state, 
they do not suffer the wear and reliability problems 
as so ci at ed with operating mechanical pumps in that 
hostile environment.

Point of Contact: J. Finn
(605) 604-1028
jfi nn@mail.arc.nasa.gov

Fig. 1. Flow diagram of an adsorption-based CO2Fig. 1. Flow diagram of an adsorption-based CO2Fig. 1. Flow diagram of an adsorption-based CO  com pres sion 2 com pres sion 2
and N2and N2and N -Ar separation device for the Mars atmosphere.
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Rotating-Disk Analytical System (R-DAS)
Michael Flynn, Bruce Borchers

One of the main limitations in increasing the scien-
tifi c return from fundamental biology and life sci-
ences experiments onboard the International Space 
Station (ISS) is the inability to conduct a variety 
of biological and analytical assays in fl ight. The 
Rotating-Disk Analytical System (R-DAS) is an 
automated analytical/cell culture laboratory that has 
been developed as a biotech and chemical analytical 
instrument for use on ISS and other spacefl ight plat-
forms. R-DAS uses a microfl uidics rotating disk and 
predetermined spinning profi les to accomplish com-
plex fl uid management tasks. Analysis is accom-
plished through the use of a custom optical imaging 
system. The instrument can conduct a wide range 
of protocols in orbit with onboard 1-g and micro-g 
controls without the need for the ISS centrifuge.

The system has a variety of unique design features 
such as automated microgravity environment assays 
and optical detection schemes which support natu-
ral and induced fl uorescence. It is capable of con-
 duct ing calorimetric, spectral, and image analysis 
and will provide in-fl ight 1-g control studies without 
the need for the ISS centrifuge. It uses sealed and 
dis pos able sample disks which are pre-confi gured 
with all necessary reagents. The use of cen trif u gal 
force to control fl uid fl ow minimizes acceleration 
ve loc i ties and shear forces, and creates an en vi -
ron ment which is insensitive to two-phase micro-
gravity fl ow re stric tions, thereby simplifying sample 
pre   paration and in tro duc tion procedures.

The system is designed to fi t into a double mid-deck 
locker (1/4 Space Station rack). It is designed to 
remain on orbit with only the disks being trans-
 port ed back and forth to orbit. A disk storage/hold-
 ing sys tem will be provided in order to allow for 
mul  tiple disks processing. Operational protocols can 
be writ ten on CD disks and experimental results can 
be re-written on the CD disks.

Ames Research Center has recently completed a 
rapid system prototype development effort that has 
resulted in the development of the prototype R-DAS 
system. The prototype is shown in fi gure 1. This 
system is fully automated and uses a single micro-
fl uidic disk (single assay) with six parallel fl ow 
paths. The disk is shown in fi gure 2. A fl u o res cent 
mi cro scope is incorporated into the design in order 
to image samples and to provide complete image 
analysis. The system is portable, having dimensions 
of only 8 in. x 20 in. x 20 in. The pro to type was 
completed on January 1, 2002, and is currently be-
ing validated against standard lab o ra to ry pro to cols. 
In order to provide a fi rst dem on stra tion assay, a 
unique microfl uidic disk was fab ri cat ed using the 
Molecular Probes Live/Dead stain assay. 
Live/Dead Bacterial Viability Kit stains are based 

Fig. 1. R-DAS Instrument.
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on the use of SYTO 9 green fl uorescent nucleic acid 
stain and the propidium iodide red-fl uorescent stain. 
Live/Dead kits are also available for animal cells 
and yeast assays, both of which will work in the 
existing R-DAS disk system.

Initial test results from the prototype system Live/
Dead assay are encouraging. In addition, the system 
design is such that R-DAS is readily adaptable to a 
variety of other assays/disks being evaluated. With 
further development, R-DAS promises to usher in 
previously unavailable biological laboratory anal-
 y sis capability onboard ISS and other future space-
 fl ight platforms.

Point of Contact: M. Flynn
(650) 604-1163
Michael.Flynn-1@nasa.gov

Fig. 2. R-DAS Microfl uidic Disk.

Clean Incineration for Space Missions
John W. Fisher, Suresh Pisharody

One of the research objectives at Ames Research 
Center (ARC) is the development of solid waste 
processing technologies for long duration ex plo -
ra tion missions. A major part of this research effort 
entails the recovery of resources from life support 
wastes, such as the recovery of carbon dioxide 
and water from waste biomass via incineration. 
Carbon dioxide and water can be used as part of a 
re gen er a tive life support system to grow plants for 
food. One of the central problems associated with 
incineration is the production of undesirable or toxic 
byproducts of combustion. ARC has developed an 
incineration fl ue gas cleanup system that allows use 
of the car  bon dioxide in a plant growth system, and 
allows release of the remainder of the clean fl ue gas 
back to the crew cabin.

As space missions increase in duration, there will 
be an increased need to transition from life support 
systems using stored life support materials to life 
support systems using recycled life support ma te -
ri als. For instance, for short duration missions food 
can be stored; however, for missions lasting several 
years, food will need to be provided from a number 
of possible sources. One viable source is a plant 
growth chamber. Growing food in space will 
require recycling waste materials for the raw ma te -
ri als necessary for plant growth: carbon dioxide, 
water, and nutrients. Incineration offers a method of 
con vert ing waste materials such as inedible biomass 
(the part of a plant that can not be eaten) back into 
carbon dioxide, water, and nutrients (ash).
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The process of combustion of biomass in an in-
 cin er a tor operates in a way similar to the combus-
tion of wood in a fi replace—the biomass is almost 
com plete ly oxidized to gaseous carbon dioxide and 
water vapor, and only a small residue of inorganic 
substances (ash) is left. Even in the best of com bus -
tors, however, some unoxidized material remains, 
and toxic byproducts and/or contaminants such as 
nitrogen and sulfur oxides are formed.

In recent years, research at ARC has focused on 
developing methods to eliminate the undesirable 
combustion byproducts. One approach has been to 
use reductive catalytic systems to convert the ni-
 tro gen and sulfur oxides to nitrogen and elemental 
sulfur, innocuous materials at room temperature. 
Oxidative catalysts can then oxidize the remaining 
hydrocarbon contaminants to very low levels. In 
collaboration with outside university and corporate 
organizations, an integrated incineration system has 
been developed and tested that utilizes a fl uidized-
bed combustor followed by a catalytic cleanup sys-
tem. In the past year, this system has dem on strat ed 
the ability to burn inedible biomass and produce a 
very clean exit fl ue gas. The con cen tra tion of con-
 tam i nants in the gas exiting the in cin er a tor is gener-
ally less than a few parts per million. Except for the 
carbon dioxide, which is toxic to humans at high 
concentrations, the exit stream from the incinera-
tor is able to meet the Space Maximum Allowable 
Contaminant (SMAC) standards for clean air in a 
spacecraft. 

A second research effort at ARC is investigating 
the use of waste material to prepare the fl ue gas 
cleanup system. A pyrolytic process converts ined-
ible bio mass to char, and the char is then converted 
to ac ti vat ed carbon. The activated carbon is used to 
re move contaminants such as nitrogen oxide and 
sulfur dioxide from the incinerator fl ue gas by 
adsorption followed by chemical reaction with the 
carbon. The contaminants are thus converted to 
innocuous nitrogen gas and elemental sulfur. In the 
past year, the process of producing activated carbon 
from wheat straw has been demonstrated, and the 
activated carbon produced from wheat straw has 
been used to reduce the concentration of nitrogen 
oxides in incinerator fl ue gas from 300 ppm (parts 
per million) to less than 1 ppm. This meets the 
SMAC limits within the crew cabin.

With the development of energy effi cient, optimized 
incineration and fl ue gas cleanup systems, NASA 
will have the technology necessary to “close the 
loop” on carbon. Ultimately, carbon will move 
within the system from plant to person and/or in cin -
er a tor and back to the plant without ever becoming 
a stored waste, achieving a signifi cant milestone in 
the development of advanced life support systems 
which approach self-suffi ciency.

Point of Contact: J. Fisher
(650) 604-4440
jfi sher@mail.arc.nasa.gov
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Cooperative Approach to Commercial Biomedical Testing 
in Space
Beverly Girten 

One important way to develop effective strate-
gies and products that may help prevent or attenu-
ate some of the physiological changes that take 
place in astronauts during spacefl ight missions is 
to com plete preclinical tests with potential coun-
 ter mea sures in space. The fi rst Commercial Bio-
medical Testing Module (CBTM-01) experiment 
suc cess ful ly fl ew on the STS-108 mission on the 
space shuttle Endeavour in December, 2001. This 
ex per i ment was a col lab o ra tive effort between Am-
gen Inc., BioServe Space Technologies, Marshall 
Space Flight Center (MSFC), and Ames Research 
Center (ARC) (Life Sciences Division), as well 
as several other or ga ni za tions that participated in 
secondary science op por tu ni ties. This joint venture 
marked the fi rst time that fl ight hardware developed 
at ARC was used for a commercial-sponsored fl ight 
ex per i ment that was manifested through the Offi ce 
of Space Products Development at MSFC. BioServe 
is one of the nonprofi t NASA-sponsored Commer-
cial Space Centers and is located at the University 
of Colorado. BioServe coordinated the experiment 
with the commercial sponsor, Amgen, to study the 
effects of microgravity on bone loss in mice, and 
to test a new pharmacological agent to determine 
how effective the new Amgen product might be as a 
countermeasure for this type of microgravity-
induced change.

The main scientifi c objective of this payload was to 
examine the effectiveness of the new Amgen phar-
 ma co log i cal agent called osteoprotegrin (OPG) on 
decreasing bone density loss during spacefl ight. The 
primary bone experiments were led by Prin ci pal In-
vestigator, Dr. Paul Kostenuik, from Amgen. Initial 
results from some of the bone analyses sug gest that 

OPG was effective as a coun ter mea sure. Additional 
analyses on bone changes and other parameters 
are in progress, and more complete information on 
results from this fl ight experiment are expected to 
be submitted for publication in 2002.

This joint effort could serve as an important model 
for future collaborative efforts involving com-
 mer cial payload opportunities. The roles for ARC 
dur ing this payload included provision of the fl ight 
and ground hardware, operational support prefl ight, 
during fl ight and post-fl ight, and crew training. The 
ARC project and operational support was provided 
by staff from both NASA and Lockheed Martin. 
Hardware that was provided included the NASA-
de vel oped Animal Enclosure Modules (AEMs) (see 
fi gure 1), which have fl own over 20 times, as well 
as some ad di tion al ARC hardware to control pay-
 load noise level and to help ensure welfare of the 

Fig. 1. Animal Enclosure Module (AEM). Hardware provided by 
Ames Research Center to support the CBTM-01 experiment on 
STS-108.
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ex per i men tal animals. This payload was the fi rst full 
duration mission where mice were fl own in space in 
AEMs, and there were a number of im por tant ob ser -
va tions made concerning differences between hous-
 ing mice versus rats in these modules (fi gure 2). 
ARC was a major player in prefl ight ground-based 
odor/fi lter tests (conducted by Monell Chem i cal 

Senses Center and BioServe) that served to qualify 
mice to fl y in the AEMs for this payload. This ac-
 tiv i ty may pave the way for future “mouse fl ights.”

This cooperative effort between several different 
types of organizations demonstrated the mutual 
benefi ts resulting for all those participating. As 
human presence in space continues to expand, mis-
 sions increase in duration, and the cost of missions 
remains expensive, the need for more cooperative, 
collaborative efforts to facilitate discovery and 
development of effective coun ter mea sures and other 
space-related biomedical testing will increase.

Point of Contact: B. Girten
(650) 604-0579
Beverly.E.Girten@nasa.gov

Fig. 2. Expedition 4 crew members in Endeavour middeck with 
CBTM payload during fl ight of STS-108.
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Passive Dosimeter System
Nina Scheller, Kristofer Vogelsong

The Passive Dosimeter System (PDS) is part of the 
Space Station Biological Research Project (SSBRP) 
Laboratory Support Equipment (LSE). Launched 
in March 2001 aboard STS-102 (ISS Flight 5A.1), 
the PDS is used for science experiments and mea-
 sure ments on board the International Space Station 
(ISS). It measures biologically active space ra-
 di a tion doses at any location that can accommodate 
its small, compact dosimeters (see Figure 1).  The 
PDS combines two different types of dosimeters—a 
Thermoluminescent Detector (TLD) system and a 
Plastic Nuclear Track Detector (PNTD) system.

the TLD to an “un-exposed” state ready for another 
measurement. The Reader can be pro grammed to 
automatically read a TLD that has been left inserted 
into the Reader. This makes possible a continuous 
recording of exposure during small time increments 
until the space on the memory cards is exhausted.

TLDs are not 100% sensitive to high linear energy 
transfer (LET) particles, so it is necessary to use 
Plastic Nuclear Track Detectors (PNTDs) to de-
 ter mine the energy spectrum of radiation absorbed 
by the TLDs. The PNTDs are co-located with 
TLDs during dose accumulation (see Figure 1). The 
PNTDs are returned to the ground and are processed 
and analyzed in a laboratory to obtain the LET 
spec trum. The LET spectrum is then combined with 
the dose information from the TLDs to determine a 
corrected total dose, dose equivalent, and average 
quality factor.

Fig. 1. The Thermoluminescent Detector (TLD) system with 
the Plastic Nuclear Track Detector (PTND) system holder 
wrapped around it.

Fig. 2. The Thermoluminescent Detector kit which includes 
the reader, TLDs, memory cards, power and data cables, 
and space fuses.

The TLD system consists of TLD dosimeters to ac-
cumulate dose and a Reader to measure that dose on 
orbit (see Figure 2). The TLDs are placed at various 
locations within ISS and exposed for spe cifi c dura-
tions.  At the end of the exposure period, the TLD 
is placed in the Reader, which heats it and measures 
the cumulative radiation exposure, and records it 
on a memory card. The heating process also returns 
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Point of Contact: J. Connolly
(650) 604-6483
James.P.Connolly@nasa.gov

The Hungarian Space Offi ce (HSO) provided the 
TLDs and Readers under a Memorandum of Agree-
 ment with NASA, and Eril Research Inc. provided 
the PNTDs and data analysis.

Ames Research Center/SSBRP was responsible for 
integrating the two systems, and for verifi cation, 
fl ight planning, and crew training activities. SSBRP 
was also responsible for the de vel op ment of kits to 
house the individual components, for fabrication of 
power and data cables, and for preparation of soft-
ware for the host system laptop computer.

The fi rst use of the PDS occurred in the spring and 
summer of 2001. The TLD system was launched on 
STS-102 (ISS Flight 5A.1) and the PNTD system 
was launched on STS-100 (ISS Flight 6A). The 
PDS was operated in support of the Human 

Research Facility DOSMAP experiment during 
Increments two and three. The PNTDs and memory 
cards were returned to the ground on STS-105 (ISS 
Flight 7A.1). Dr. Guenther Reitz was the Principal 
Investigator for the DOSMAP Experiment.

The PDS data was realistic and in-line with ex pec -
ta tions based on past Mir Space Station measure-
ments made in similar orbits. The quality of the 
data, ground-based characterization, and calibration 
of the instrument has been highly praised by world 
space radiation experts.
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The natural environment accommodates hu-
manity by providing a rich supply of eco log i cal 
and  physical services that help to preserve our 
health and well-being, as well as that of many 
other  organisms on Earth. However, as the human 
 population con tin ues to grow in unprecedented 
ways, the hu man  demands for natureʼs resources 
and services con tin ue to escalate and the Earthʼs 
life-sustaining sys tems are taxed and degraded 
more than ever be fore. It is critical to understand 
the nat u ral world, how it is changing both in natural 
and human-in duced ways, and what human society 
must do to reach a level of sustainability.

NASA̓ s Offi ce of Earth Science (OES) is con-
 duct ing a study of our living planet at a truly 
plan e tary scale. The OES studies the total Earth 
en vi ron ment: to understand the state and be hav ior 
of the at mo sphere, ice, oceans, land, ec o sys tems, 
and their inter actions; to understand the effects of 
natural and hu man-induced near-term changes on 
the global and regional en vi ron ment; and to lay the 
foundation for long-term en vi ron men tal and climate 
monitoring and prediction. Dur ing FY01, numerous 
research and technology efforts funded by the OES 
were ac com plished, the results of which address the 
 major goals of the OES Enterprise:

•   Observe, understand, and model the Earth system 
to learn how it is changing, and the con se quenc es 
for life on Earth.

•   Expand and accelerate the realization of eco nom ic 
and societal benefi ts from Earth Science, in for -
ma tion, and technology.

•   Develop and adopt advanced technologies 
to  enable mission success and serve national 
 priorities.

MODIS Airborne Simulator (MAS) infrared composite image of 
the Delmarva Peninsula which is composed of portions of Dela-
ware, Maryland and Virginia. (See the ASF report for a descrip-
tion of the MODIS and MAS instruments (page 176).)

O v e r  v i e w



174 G L O B A L  C I V I L  A V I A T I O N   / SAFETY  

Ames Research Center (ARC) supports the OES 
by con duct ing scientifi c research and by develop-
ing technology with the objective of expanding 
our knowl edge of the Earthʼs atmosphere and ec o -
sys tems. Com ple men ta ry goals are part of NASA̓ s 
Astrobiology research and technology effort, a 
pro gram led by ARC. ARC also contributes applied 
research and outreach to a com pan ion OES ob jec -
tive to apply the scientifi c knowledge and know-how 
gained to practical, everyday problems of the public 
and private sectors by transferring the technology 
and knowledge to users outside NASA. 

Key components of the Earth Science Divisionʼs 
research programs include the study of the physical 
and chemical processes of biogeochemical cycling; 
the state and dynamics of terrestrial (and some 
 marine) ecosystems; the chemical and transport 
pro  cesses that determine atmospheric com po si tion, 
 dynamics, and climate; and the physical and bi o -
log i cal processes that determine the behavior of the 
at mo sphere on the Earth and other solar system bod ies. 

Earth scientists at ARC engage in research related to 
four of the NASA strategic enterprises.

THE EARTH SCIENCE ENTERPRISE

NASA HEADQUARTERS CODE Y
Terrestrial ecology and atmospheric assess-
ments, air  borne instrument development, applica-
tions,  Astrobiology, Information Technology, and 
 Biotechnology

OFFICE OF BIOLOGICAL AND PHYSICAL RESEARCH

NASA HEADQUARTERS CODE U
Application of technology to issues of human health, 
life beyond the planet of origin

THE AEROSPACE TECHNOLOGY ENTERPRISE

NASA HEADQUARTERS CODE R
Environmental assessments of aircraft operation, 
unpiloted airborne vehicle (UAV) sensor de vel -
op ment and science dem on stra tion, space solar 
power

THE SPACE SCIENCE ENTERPRISE

NASA HEADQUARTERS CODE S
Planetary atmospheres study, Astrobiology

Atmospheric research efforts include the phys i cal 
mechanisms and chemical in ter ac tions that control 
the con cen tra tion and depletion of stratospheric 
ozone, per tur ba tions in the chem i cal composition of 
the atmosphere, and climatic changes resulting from 
clouds, aerosols, and increasing amounts of green-
 house gases in the Earthʼs at mo sphere. Numerous 
state-of-the-art instruments are fl own successfully 
each year, and critical data are collected for strato-
 spher ic and tropospheric research.

At ARC, scientists and technical personnel design, 
de vel op, and perform both remote sensing and in 
situ experimental measurements. In addition, they 
per form computer simulations of atmospheric and 
ec o sys tems processes to understand exchanges 
 between the biosphere and the atmosphere using 
both air borne and satellite sensor data. The sci en tists 
con ceive and develop advanced in stru men ta tion to 
sat is fy the measurement requirements of all sup-
 port ed enterprises, emphasizing both airborne and 
selected spacecraft sensors. Project managers and 
project scientists provide science mission man-
 age ment and science leadership for major NASA 
sci ence programs and other agency science pro-
 grams. Staff scientists conceive and develop ap pli -
ca tions pro grams utilizing proven and de vel op ing 
tech nol o gy. Ad di tion al ly, they transfer de vel oped 
sci en tifi  c knowl edge and technology to commercial 
and  private in ter ests, national and international gov-
 ern men tal agencies and ministries, other disciplines, 
and ed u ca tion al institutions.

The Airborne Sensor Facility (ASF) within the Earth 
Science Division provides remote-sensing support 
for OES investigations, and for calibration and 
val i da tion studies for the Earth Observing Sys tem 
(EOS). It is tasked with maintaining and op er at ing 
a suite of OES facility sensors that are made avail-
 able to the science community at large through the 
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NASA fl ight request process. The sensors are fl own 
on various NASA, U.S. De part ment of En er gy, and 
other aircraft, as required.

The ASF does data processing, fl ight operations, 
sensor calibration, systems development, and data 
telemetry. Current activities are centered around the 
moderate resolution imaging spectrometer  (MODIS) 
and the Advanced Spaceborne Thermal Emis sion 
and Refl ection Radiometer (ASTER) air borne simu-
lators (the MODIS Airborne Simulator (MAS), and 
the MODIS ASTER instrument  (MASTER)), which 
are being used to characterize cal i bra tion sites and 

develop algorithms for the new Terra (EOS AM-1) 
satellite systems. These data are pro cessed into a 
calibrated Level-1B product at the ASF, and deliv-
ered to the instrument science teams via the EOS 
Distributed Active Archive Centers (DAACs).

Research results and technology developments are 
published in the scientifi c literature. Additionally, 
many of these results are disseminated to the com-
 mer cial and educational communities, contributing 
to a better public understanding of the Earth Science 
Enterprise within NASA.
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The Airborne Sensor Facility – 2001
Jeff Myers, Bruce Coffl and, Pat Grant, Ted Hildum, Mike Fitzgerald, Rose Dominguez

The Airborne Sensor Facility (ASF) based at Ames 
Research Center (ARC), with a fi eld component at 
Dryden Flight Re search Center (DFRC), collects 
remote-sensing data for the NASA Offi ce of Earth 
Science (OES). It is charged with operating a suite 
of fa cil i ty sen sors that support the NASA research 
com mu ni ty through the fl ight request process. The 
services are also made avail able to other government 
agencies on a cost-re im burs able basis. These devices 
are fl own on a variety of NASA, U.S. Department 
of Energy (DOE), and other air craft.

The primary focus of the group in FY01 was sup-
 port ing the calibration and validation of the mod-
 er ate res o lu tion imaging spectrometer (MODIS) 
and  Advanced Spaceborne Thermal Emission and 
 Refl ec tion (ASTER) sensors on the Earth Observing 
Sys tem (EOS) Terra satellite. The ASF operates two 
sensors, the MODIS Airborne Simulator (MAS) and 
MODIS ASTER in stru ment (MASTER), which em-
ulate these instruments. Data from these systems are 
being used extensively for development and testing 
of the various algorithms that are used to derive 
geophysical parameters from the orbital data.

The ASF consists of three main laboratories, which 
cover a range of functions, from instrument en gi -
neer ing and initial data-collection, through data 
 processing and delivery of a fi nal calibrated prod uct. 
A short summary of the activities of the three main 
groups follows.

•   The Sensor Operations and Engineering 
Lab  oratory maintains and operates the sensor 
hard ware of the ASF, conducting data-collec-
tion mis sions worldwide on a variety of aircraft 
plat forms. In FY01, ASF sensors were fl own on 
180 missions (totaling 605 fl ight hours) on ER-
2  (Figure 1) and DOE B200 aircraft. Data were 

col lect ed for a variety of EOS investigations, 
 primarily con cen trat ed on EOS val i da tion and 
glo bal climate mod el ing studies.

The MAS instrument was deployed with an ER-2 in 
support of the Convection and Atmospheric Mois ture 
Experiment (CAMEX). CAMEX is a series of fi eld 
research investigations sponsored by NASA̓ s Earth 
Sci ence Enterprise. This was the fourth fi eld cam-
paign in the CAMEX series (CAMEX-4), and it was 
based out of Jack son ville Naval Air Station, Florida.

CAMEX-4 focused on the study of tropical cyclone 
(hurricane) development; storm tracking and inten-
sifi cation; and the impact of storm landfall using 
NASA aircraft and surface remote-sensing instru-
men tation. The primary aircraft used during CA-
MEX-4 were the NASA ER-2 and DC-8  research 
airborne platforms. These instrumented aircraft 
 acquired data over storms and hurricanes as they 
de vel oped in the Caribbean, Gulf of Mexico, and 
along the East Coast of the United States (Fig ure 
2). The goal of this study is to understand hur ri cane 
structure, dy nam ics, and motion; such an un der -

A I R  B O R N E  S E N S O R  F A C I L I T Y

Fig. 1. The NASA high-altitude ER-2 aircraft.
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stand ing will help hurricane modelers and improve 
hurricane pre dic tions.

Apart from numerous individual missions fl own 
from DFRC, MAS was also sent aboard an ER-2 
to Wallops Island, Virginia, in support of the Ches-
 a peake Lighthouse and Aircraft Measurements for 
Satellites (CLAMS) campaign. CLAMS scientists 
are using equipment mounted on the U.S. Coast 
Guardʼs Chesapeake light house off the coast of 
 Virginia Beach, Virginia, in stru ments on six re-
search airplanes, and the orbiting Terra research sat-
ellite to enhance their knowledge of how the ocean 
affects the atmosphere. In addition to MAS data, the 
ER-2 also acquired data from the Ad vanced Visible 
and Infrared Imaging Spectrometer (AVIRIS), data 
from the  Scanning High-Resolution Interferometer 
Sound er (S-HIS), data from the Airborne Multiangle 
Imaging SpectroRadiometer (AirMISR), and metric 
camera photography in support of CLAMS.

Measurements from the aircraft instruments and 
from the long-term CERES Ocean Validation Ex-
 per i ment (COVE) at the lighthouse will be used to 
improve information from Clouds and the Earthʼs 
Radiant Energy System (CERES) and other in stru -
ments on NASA̓ s Terra satellite. The major goals of 
CLAMS are to improve satellite-based estimates of 
aerosol measurements and to make mea sure ments of 
ocean char ac ter is tics. These data will create a bet-
ter under standing of how Earth main tains its over all 
tem per a ture and its energy budget.

The ER-2 was sent to San Antonio, Texas, on a 
third fi eld deployment with MAS. This deployment 
sup port ed the University of Wisconsinʼs Co op -
er a tive Institute for Meteorological Satellite Studies 
(CIMSS). The Instituteʼs primary science objectives 
were to validate MODIS atmosphere products with 
underfl ights of the Terra satellite. The Gulf of Mex-
 i co and the At mo spher ic Radiation Mea sure ment 
Cloud and Ra di a tion Testbed (ARM CART) site in 
Oklahoma were the primary validation sites. Addi-
tionally, on this deployment, imagery was  acquired 
over coastal Louisiana for the U.S. Geo log i cal Ser-
vice (USGS) Wetlands Research Center in Louisi-
ana and the Corps of Engineers as part of a wetlands 
and wildlife habitat ecosystem study.

The MASTER sensor was fl own on the DOE 
Beechcraft B200, collecting data primarily for the 
U.S. Advanced Spaceborne Thermal Emis sion and 
Refl ection Radiometer (ASTER) science team and 
the Environmental Protection Agency (EPA). As in 
previous years, ASTER team sites included several 
areas in the Mojave Desert used as Terra calibration 
targets. The high-resolution MASTER data are be ing 
used to characterize the thermal and refl ective 
properties of these areas so that the content of 
the  satellite pixels can be more fully understood. 
Addi tion ally, MASTER data were collected in sup-
 port of a U.S. Department of Agriculture (USDA) 
wildlife refuge study in southern New Mexico. The 
New Mexico site is also part of the MODIS land-
 validation program.

Fig. 2. MAS visible and thermal images of Hur ri cane Erin (CAMEX-4 deployment).
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MASTER was sent on a one-week deployment to 
the Pacifi c Northwest in cooperation with the De-
 part ment of Civil and Environmental En gi neer ing at 
the University of Washington. The com pre hen sive 
project objectives included validation of ASTER 
and land satellite (LANDSAT) stream temperature 
characterizations, a study of the Cedar River water-
shed, a study of Mount Rainier gla ci at ed area ther-
 mal properties, and a study of the urban heat island 
 effects of downtown Seattle.

•   The Data-Processing Laboratory reduces and 
calibrates the digital imagery data, provides 
 mission documentation, and distributes hard- and 
soft-copy products. It also maintains a complete 
historical archive of the ASF data, which is cat a -
logued in a geographic database. The EOS- related 
image data are also archived in the NASA Distri-
buted Active Archive Center (DAAC) sys tem. 
These centers maintain hyper links to the ASF 
MAS and MASTER Web pag es, allowing the 
general public to view  imagery for each mis sion, 
and to obtain ordering in for ma tion. One hundred 
nineteen mission datasets were placed at NASA 
DAACs this year. These data are cal i brat ed and 
geo-located (Level-1B) and are in hi er ar chi cal 
data format (HDF).

•   The Calibration Laboratory provides spectral 
and radiometric characterization for remote-
 sensing devices. It maintains a set of integrating 
spheres and lab o ra to ry radiometric standards, as 
well as both con ven tion al monochromators and 
a Fourier trans form interferometer for spectral 
mea sure ments. The lab was validated this year 
in a major ex per i ment supervised by the NASA 
EOS Cal i bra tion Scientist. This included a crit i cal 
 review and a round-robin calibration exercise 
con duct ed by the National In sti tute for Standards 
and Technology (NIST), Goddard Space Flight 
Cen ter (GSFC), and the University of Arizona. 
In ad di tion to per form ing regular cal i bra tions of 
the ASF sensors, it also conducted several fi eld 
val i da tion experiments in conjunction with the 
Jet Pro pul sion Laboratory (JPL), ASTER, and 
Multi-angle Imaging Spectro Radiometer (MISR) 
 science teams.

Refer to the ASF Web page at 
http://asapdata.arc.nasa.gov for further information, 
 including sensor specifi cations, sample imagery, and 
online fl ight documentation.

Point of Contact: J. Myers
(650) 604-3598
jmyers@mail.arc.nasa.gov
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Development of a Tactical System for Fire Management 
and Prediction
James Brass, Steve Wegener, Donald Sullivan, Vince Ambrosia, Bob Higgins, Philip Hammer, Ted Hildum, Roy Vogler

A report by the International Red Cross and Red 
Crescent Societies states that the United States has 
one of the higher rates of natural disasters in the 
world. Studies have shown that between 1992 and 
1996, costs of disasters in the United States have 
averaged $1 billion per week. Globally, the costs 
have averaged $440 billion per year in ap prox i mate ly 
the same time period. Major episodic events such as 
these have direct effects on the worldʼs pop ulation, 
as well as on the environment. The Na tion al Sci-
ence and Technology Councils clearly stated that 
di sas ters are a growing problem na tion al ly and 
inter nationally. It is important to become more ag-
 gres sive in seek ing ways to reduce disaster losses 
and move toward a more sustainable society and 
en vi ron ment. There is a clear need for tech nol o gy 
de vel op ers and users to defi ne the limitations in 
current systems, develop improved technologies 
that pro vide more timely results than those that exist 
now, and provide simple access to this technology 
to save lives, habitat, and monetary resources.

NASA̓ s Earth Science Research Plan explains that 
natural hazards are inevitable manifestations of 
Earth processes, but need not be inevitable disas-
ters. NASA has a role in assisting society in reduc-
ing loss of life and property damage. Through the 
 develop -ment of technologies designed to support 
NASA̓ s Earth Science program, numerous tools 
ex ist that can be effectively developed for un der -
stand ing, char ac ter iz ing, and monitoring natural 
di sas ters.

Wildfi re suppression provides a good paradigm for 
the information needs, management, and mitigation 
of natural disasters. Early efforts employing remote-
sensing data for forest-fi re mapping em ployed aerial 

cameras and infrared line scanners. Those efforts 
found that the attributes of an ideal system included 
(1) the detection of fi re in its early stages; (2) the 
ability to prioritize fi res, dis tin guish ing between 
dangerous fi res and those of no sig nifi   cance; (3) day 
and night operation; and (4) the ability to detect fi re 
size and location in relation to ground (topography) 
and forest resources (veg e ta tion and fuel). All this 
information must be com mu ni cat ed to fi re man-
 age ment personnel quickly and effi ciently to meet 
fi re management objectives. Although these re quire -
ments were developed 30 years ago, many op er a -
tion al limit ations still exist in the optimal system.

Project First Response Experiment (FiRE), designed 
by NASA̓ s Ames Research Center, the U.S. For-
est Service, the State of California, and General 
Atom ics, translated fi re management requirements 
into tech nol o gy demands and demonstrated remote-
 sensing capabilities, telemetry, data processing, and 
com mu ni ca tions to the fi re management com mu ni ty. 
During the Project FiRE demonstration, an af ford -
able, sim ple, and portable system for data downlink 
and relay was established to accomplish these tasks.

The demonstration fl ights produced resource and 
fi re-status maps that were sent via satellite com-
 mu ni ca tion to NASA Ames Research Center and 
 accessed via the Internet by the user com mu ni ty. 
The images documented the short-term pro gres sion 
of the actively burning fi re in near-real-time (see 
 Figure 1). Fire position and pe rim e ter were de ter -
mined from the geo-referenced output. Both the 
dynamic fi re perimeters and static vector database 
were over laid on the various raster base maps, and 
hard-copy output was produced. Reports on fi re area 
and pe rim e ter were con cur rent ly produced.
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The project FiRE demonstration documented the 
po ten tial for analyzing and managing data and 
mit i gat ing disasters in near-real-time using digital 
data, data overlay, electronic data transmission, 
and  current communications technology. Datasets 
trans mit ted from an aerial platform were mapped 
and geo-rec ti fi ed in under 10 minutes. Ancillary 
in for ma tion was overlaid with the raster airborne 
im ag ery to assist fi refi ghters in allocating resources 
dur ing the fi re. The goal of 15 minutes from “air-
 craft to map” was accomplished in the fl ight tests. 
The pre ci sion lo ca tion and attitude in for ma tion 
from the Airborne In fra red Disaster As sess ment 
System (AIRDAS) as sist ed in reducing the time 
allocated for geo-cor rec tion of the airborne data 
and in creas ing precision in the fi re product. A new 

meth od ol o gy is currently being incorporated into 
the data-collection package to better “model” the 
plat form/sensor geo m etry pack age to speed geo-cor-
 rec tion.

The FiRE demonstration was benefi cial to Federal, 
State, and local resource and disaster agencies 
respon sible for responding to natural disasters, such 
as wildland fi res. Improvements in communications 
are needed to optimize the complete system, al-
 though the technology is currently in place at a low, 
off-the-shelf price, to effect mitigation efforts under 
emer gen cy conditions. The agencies and companies 
in volved continue to cooperate in developing var-
 i ous elements of this demonstration, and con tin ue 
to ad vance the data collection, remote trans mis sion, 
geo-correction, and analysis of spatial information.

Collaborators on this project were Phil Riggan, 
Bob Lickwood, PSW Research Station, U.S. For est 
 Service; Tom Bobbe, Paul Greenfi eld, RAC, U.S. 
Forest Ser vice; Gary Darling, State of California; 
Los An ge les Coun ty, California; California Offi ce 
of Emer gen cy Services; Sally Buechel, TerraMar 
Re sourc es, Inc.; and the General Atomics Aero nau -
ti cal  Systems.

Point of Contact: J. Brass
(650) 604-5232
James.A.Brass@nasa.gov

Ecoinformatics: Aerospace Tech nol o gies in the Service of 
Global Health
Byron Wood, Brad Lobitz

Background
In April 2000, NASA̓ s Chief Scientist held a meet-
 ing to determine what activities each NASA Center 
had in aerospace technologies that might be in clud ed 
in a coordinated NASA program on human health. 
It was de ter mined that this new program should 

be based on the unique capabilities of each NASA 
Cen ter or or ga ni za tion al code. Each Center was, 
there fore, re quest ed to provide an overview of its 
specifi c capabilities that might be included in an 
agency-wide pro gram. Based on the material pre-

Fig. 1. Example of imagery showing terrain draping.
The project FiRE demonstration documented the 
Fig. 1. Example of imagery showing terrain draping.
The project FiRE demonstration documented the 
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intervention. The goal is to understand and forecast 
the spatial and temporal patterns of infectious dis-
 ease risk based on modeling the in ter ac tions among 
en vi ron men tal, epidemiological, en to mo log i cal, and 
socio-economic parameters for specifi c diseases in 
specifi c locations. Because data on these parameters 
are collected by differing meth ods and at various 
scales, modeling their spatial and temporal patterns 
requires the utilization of so phis ti cat ed informa-
tion system, geospatial analysis, and visualization 
tools. Initial models will be based on the integra-
tion and analysis of existing datasets. However, it is 
an tic i pat ed that in the process of de vel op ing these 
initial models, missing data needs will be identifi ed. 
These will, in turn, provide the parameter and mea-
 sure ment re quire ments necessary to develop new 
microtech nologies for remote or in situ data col-
 lec tion. Trans mis sion and integration of these data 
into forecast models will likewise ne ces si tate the 
de vel op ment of im proved wireless com mu ni ca tions 
net works.  Improved communications are also essen-
tial to  returning model outputs (i.e., information) to 
the users who require them.

In December 2001, NASA and the NIH held a re-
 treat at the Asilomar Conference Center, Monterey, 
 California, to outline specifi c ac tiv i ties on which 
to  initiate an interagency program in Ecoinformat-
ics. Participants included NASA Ames scientists, 
 Program Managers from the National Institute of 
Al ler gies and Infectious Diseases (NIAID), and the 
Cen ter Directors of the NIAID-sponsored In ter -
na tion al Centers for Infectious Disease Research 
(ICIDR). Dis cus sions focused on having the ICIDR 
directors identify and prioritize recommendations 
for collaborative activities in the application of cur-
 rent aerospace technologies to, or the de vel op ment 
of new capabilities for, disease di ag nos tics, treat-
 ment, prevention, and control. From these dis cus -
sions the following four activities were initiated:

•   Development of a prototype in situ/por ta ble 
 device for measuring and communicating phys-
 i cal water quality parameters. This will have 
 imme di  ate use for the collection of fi eld data 

 sent ed, a decision was made to move for ward with 
the development of a new ini tia tive on En vi ron ment 
and Health.

Environment and Health Initiative
Between January and April 2001, rep re sen ta tives 
of NASA̓ s Offi ce of the Chief Scientist, Earth Sci-
ence Enterprise, and Fundamental Space Biology 
Pro gram developed a pre lim i nary package of mate-
rials on the Environment and Health concept. This 
ini tia tive was based primarily on the application 
of NASA re mote-sensing and Earth science data to 
studies of human health. In April, NASA Head quar -
ters man age ment reviewed the Environment and 
Health Ini tia tive pack age and encouraged the Earth 
Science En ter prise and Fundamental Space Biology 
Pro gram to con tin ue existing programs and explore 
op por tu ni ties not ad dressed in the En vi ron ment and 
Health pack age.

Ames was encouraged to expand the Center for 
Health Applications of Aerospace Related Tech nol o-
 gies (CHAART) training program and explore new 
program opportunities based on the Centerʼs capa-
bilities. In a December 2000 workshop at Ames, 
the idea of a new program, “Ecoinformatics,” had 
been discussed and outlined. This program focuses 
on integrating Ames  ̓ex per tise in the human health 
ap pli ca tions of aerospace-related technologies, fun-
 da men tal biology, in for ma tion systems tech nol o gy, 
data visualization, and the de vel op ment of micro-
technologies with wireless com mu ni ca tions tech-
 nol o gies to provide “near-real-time” in for ma tion on 
the spatial and tem po ral patterns of in fec tious dis eas es.

Ecoinformatics
The Ecoinformatics concept was developed with 
collaborators at the National Institutes of Health 
(NIH). Unlike most previous NASA health-related 
programs, Ecoinformatics is intended to be driven 
by user information needs rather than by the avail-
 abil i ty of NASA (primarily remote-sensing) data. 
This approach is based on the user communityʼs need 
to turn large quantities of diverse data into useful 
information required in research, sur veil lance, and 
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    necessary to bet ter understand the biology of such 
wa ter-re lat ed dis eas es as cholera, schisto-somia-
sis, enterics, and fi rlariasis.

•   Development of new information tech nol o gy and 
computational approaches to support in fec tious 
disease research, sur veil lance, and control op er a-
 tions. Initially this will focus on the use of “Sci ence 
Or ga niz er” for data management and com mu ni c-
a tions for the ICIDR malaria project in Kenya.

•   Development of data visualization and display 
tools to integrate health (Hantavirus) and environ-
mental data from the Sevilleta Long-Term Eco-
 log i cal Research site in New Mex i co.

•   Integration of hand-held PC Global Positioning 
Sys tem/geographic information system (GPS/
GIS) and digital imaging hardware and soft ware 
for col lec tion of site-specifi c health and en vi ron -
men tal fi eld data. Each of the ICIDR teams will 
be pro vid ed with at least one com plete system.

Invasions Initiative
A new effort called “Invasions” was initiated. The 
idea behind Invasions is that many, if not most, dis-
 ease outbreaks, or introduction of disease vectors or 
agents, are not anticipated and, when introduced to 
a new area, they “act” like invading species in terms 
of their spatial and temporal movement. Another 
underlying justifi cation is that in addition to de vel -
op ing new recommendations based on workshops, 
committees, etc., it is time to try to integrate and 
implement existing agency ca pa bil i ties. Taking 
this step should enable assessment of how different 
agen cy programs and capabilities can be integrated, 
what works, what doesnʼt work, what the op por tu n-
i ties are, and what the ob sta cles are to developing an 
operational system.

The goal of the Invasions Initiative is to develop an 
operational interagency program in in fec tious dis-
 ease research, surveillance, forecasting, and in ter -
ven tion. Several agencies already support programs 

that have developed and demonstrated many of these 
capabilities. Unfortunately, these programs have yet 
to be combined into a single, integrated program. As 
a result, there is con sid er able du pli ca tion of ef fort, 
“re-invention” of already-dem on strat ed ca pa bil i ties, 
and a failure to address key re search and technology 
needs. One approach to achieve program integra-
tion and demonstrate op er a tion al capabilities is for 
key agencies (e.g., the Na tion al Science Foun da tion 
(NSF), NIH, Centers for Disease Control (CDC), 
National Oceanic and At mo spher ic Ad min is tra tion 
(NOAA), the De part ment of Defense (DOD), 
NASA, etc.) to propose a new initiative in this area. 
It is proposed that this ini tia tive be led by a single 
agen cy or a small group of agencies that have re-
 spon si bil i ty for and a history of in fec tious disease 
research and intervention. The lead agency(s) would 
be re spon si ble for overall pro gram integration and 
direction. However, within this struc ture, individual 
agencies would be re spon si ble for developing 
spe cifi  c pro gram elements. A work shop of agency 
rep re sen ta tives was organized for September 2001. 
The goal of the workshop was to agree on a plan 
to de vel op an interagency ini tia tive. However, the 
work shop was canceled because of the events of 
Sep tem ber 11, and the nature and scope of the in-
 ter agen cy pro gram are currently be ing re viewed in 
terms of bio terrorism and home land defense issues.

Collaborators on this project were Durland Fish, 
Yale Uni ver si ty, School of Public Health; Anwar 
Huq, Uni ver si ty of Mary land, Biotechnology 
 Institute; John Beier, Tulane Uni ver si ty; Greg Glass, 
John Hopkins School of Pub lic Health;  National 
In sti tutes of Health (Na tion al In sti tute of Al ler gies 
and In fec tious Dis eas es); Scott Starks, Uni ver si ty 
of Texas, El Paso, PACES; Ma lar ia  Research and 
Train ing Center, Bamako Mali; and World Bank, 
Africa (AFTH-2).

Point of Contact: B. Wood
(650) 604-4187
blwood@mail.arc.nasa.gov
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Land-Use Effects on Bio geochem is try in the Amazon
Liane Guild, Christopher Potter

Research Objective
The objective is to determine the sensitivity of the 
slash-and-mulch with enrichment sites to soil mois-
 ture levels in relation to planting date and cropping 
duration in contrast to slash-and-burn sites. These 
objectives entail research occurring over several 
years of natural rainfall, variations of which will 
be monitored. To accomplish these objectives, re-
 gen er a tion of forests monitored during the fallow 
pe ri od and crop vigor are measured using ground 
in stru men ta tion and linking with high-resolution 
remote-sensing data (i.e., the IKONOS satellite and 
the land satellite Thermatic Mapper (LANDSAT 
TM). Also included is monitoring for crop stress of 
the slash-and-mulch plots planted in different pe-
 ri ods of the year and at cropping du ra tions different 
from tra di tion al slash-and-burn sites.

Fieldwork (August–September 2001, November–
December 2001)
Field data were collected during the early dry sea-
 son (August/September) to coincide with IKONOS 
over passes. Data included plant water potential 
(pres sure bomb) every two hours from 6:00 a.m. to 
4:00 p.m., plant chlorophyll (Sub system Position-
ing Aid De vice (SPAD) instrument), refl ectance, 
trans mit tance, and absorptance ra di a tion (Li-Cor 
spectroradiometer), and Global Po si tion ing System 
(GPS) points. EMBRAPA, in collaboration with 
the University of Bonn, Ger ma ny, has an ongoing 
hy dro log i cal study that includes a meteorological 
sta tion and a soil mois ture sampling system in place 
in the study area. Mea sure ments were taken in fi elds 
plant ed with passion fruit and manioc crops as well 
as in a capoeira (re gen er at ing forest) site.

In the Amazon, regenerating forests (capoeira) act 
as potentially important carbon and nutrient sinks 
dur ing the shifting agriculture fallow period. How-
 ev er, these fallow periods are becoming shorter with 
the population and economic pressures to maintain 
cul ti va tion. Shorter fallow periods have decreased the 
productive capacity of the cropping period. Ad di -
tion al ly, droughts associated with El Niño events are 
becoming more frequent and severe in moist trop-
 i cal forests. The effects of these droughts on moist 
tropical forests include po ten tial ly large ef fects on 
forest metabolism, re pro duc tive biology, tree mor-
 tal i ty, biogeochemistry, and forest fl am ma bil i ty.

Differences in manipulation practices of crops could 
have both positive and negative effects on crop 
vig or. Although burning in shifting cultivation may 
con trol for pests and weedy species and resultant 
ash may provide a pulse of nutrients, the detrimen-
tal effects of elemental pool losses associated with 
burn ing are considerable. Alternatives to burning 
include cut ting, chopping, and mulching forest and 
planting with fast-growing leguminous species. This 
ex per i men tal prac tice (slash and mulch with en rich -
ment), which is un der study by the Brazilian Ag ri -
cul ture Agency (EMBRAPA), has shown increased 
levels of biomass and a reduction in loss of nutrients 
and organic mat ter, allowing a shorter fallow period 
and a longer cropping period. The greater length 
of the cropping period may affect the soil moisture 
status of the site and may affect crop vigor, but the 
effect has yet to be determined. Since the slash-
and-mulch practices do not use burning for land 
prep a ra tion, there is no re quire ment of a dry pe-
riod.  Addition ally, the mulch keeps the soil moist 
for long er pe ri ods. These factors allow fl exibility 
in the planting dates, but there is a need to monitor 
for crop stresses associated with dif fer ent planting 
dates, in addition to a longer cropping period.
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 proach is derived for es ti mat ing monthly emissions 
of acetone from the ter res tri al biosphere to the at-
 mo sphere. The mod el ing approach is driven by ob-
 served surface climate and estimates of veg e ta tion 
leaf-area index (LAI) gen er at ed at 0.5-degree spatial 
resolution from the Na tion al Oceanic and At mo -
spher ic Administration (NOAA) satellite advanced 
very-high-resolution radiometer (AVHRR). Sea-
 son al changes in LAI are estimated using modifi ed 
moderate res o lu tion im ag ing spectrometer (MO DIS) 
radiative-transfer al go rithms to identify the probable 
times and lo ca tions of crop harvest in cul ti vat ed 
areas and litterfall of newly dead plant ma te ri al in 
noncultivated areas. Tem per a ture-dependent emis-
sion factors are applied to derive global bud gets of 
acetone fl uxes from  terrestrial plant can o pies, oxida-
tion of dead plant ma te ri al, and harvest of cul ti vat ed 
plants.

Simulation of Hypersaline Microbial Mats: 
 Modeling Effects of Bacterial Ecosystems on the 
At mo sphere of Early Earth
A model has been constructed to simulate C, O, and 
S cycles, and growth of cyanobacteria and sulfur 
bac te ria in a stratifi ed hypersaline mat. The aim was 
to sim u late microbial effects on the atmospheric 
chemistry of early Earth. Inputs to the mat system 
include pho to syn thet i cal ly active radiation (PAR), 
near-infrared ra di a tion (NIR), and temperature. 
 Atten uation of PAR with each layer is modeled, 
and NIR attenuation depends on the abundance of 
bac te ri o chlo ro phyll a. The bacterial groups whose 
 meta b  olism and growth are simulated include cya-

Modeling Terrestrial Ec o sys tem Processes
Christopher Potter, Liane Guild, Steven Klooster, Vanessa Brooks Genovese, Kelly Decker, David Bubenheim, Han-
want Singh

Carbon Fluxes for the Amazon Basin
Seasonal and interannual controls on net ecosystem 
production (NEP) have been modeled with in te -
gra tion of high-resolution (8-kilometer) multi-year 
 satellite data to characterize Amazon land surface 
prop er ties over time. Analysis of temporal and 
 spatial relationships between regional rainfall pat-
 terns and satellite ob ser va tions (for vegetation land 
cover, fi re counts, and smoke aerosol effects) have 
re vealed several im por tant eco log i cal patterns for 
the Large-Scale Bio sphere-Atmosphere Ex per i ment 
in Amazonia. The ecosystem model (NASA-Carn-
egie-Ames-Stanford Approach) predicts that un-
 dis turbed Amazon forests can be strong net sinks 
for at mo spher ic car bon di ox ide, particularly during 
wet (non El Niño) years. However, drought effects 
dur ing El Niño years can reduce net primary pro-
 duc tion in forests of the east ern Amazon by 10% to 
20%, compared to long-term average es ti mates of 
re gion al productivity.

Modeling Terrestrial Biogenic Sources of Ac e tone 
Emission
Acetone is of considerable interest in atmospheric 
chemistry as a source of HOx radicals and peroxy-
acetylnitrate (PAN) to the upper troposphere. The 
potential biogenic sources of acetone include ter-
 res tri al plant canopies, oxidation of dead plant 
ma te ri al, harvest of cultivated plants, biomass 
burn ing, and the oceans. These sources are poorly 
con strained at present in budgets of atmospheric 
chem is try. Based on laboratory, fi eld, and satellite 
ob ser va tions to date, a fi rst glo bal modeling ap-

Tatiana Sa and Claudio Carvalho of EMBRAPA-
Belem, Brazil, collaborated with the authors on this 
project.

Point of Contact: L. Guild
(650) 604-3915
Liane.S.Guild@nasa.gov
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This research assessed the feasibility of using a 
 support vector machine to identify open water from 
regions of inundated vegetation and dry (upland) 
vegetation using single-band multiangle Po lar iza tion 
and Di rec tion al i ty of Earthʼs Refl ectance (POLDER) 
data acquired over boreal forest regions. Previ-
ous work suggested that, when viewed in the solar 
prin ci pal plane, profi les of solar radiance as a func-
tion of viewing angle for a fi xed wavelength might 
serve as a means to discern open water quick ly and 
au to mat i cal ly. Classifying solely on the water at-
tribute, support vector learning machines can be 
trained to discriminate open water au to mat i cal ly, 
but the ac cu ra cy in training competes against the 
robustness with which the machine may be ap plied 
to sub se quent data. With the accuracy against ro-
bustness op ti mized, a machine was developed that 
has an es ti mat ed mean probability of misclassifying 
water of approx imately 4% in subsequent data. A 
con ser va tive bound for the 95% con fi  dence interval 
for the mean is ap prox i mate ly 32%. The es ti mates 
are  conserva-tive, because they are in de pen dent of 
the un der ly ing probability dis tri bu tions of the com-
 mu ni ty types.

On the Feasibility of Using Support Vector Machines to 
 Automatically Extract Open Water Signatures from 
POLDER Multiangle Data over Boreal Regions
V. C. Vanderbilt

nobacteria (CYA), purple sul fur bacteria (PSB), 
colorless sulfur bacteria (CSB), and sulfur re duc ing 
bacteria (SRB). Growth of CYA occurs by either 
oxygenic or anoxygenic pho to syn the sis (AP), depen-
ding on the available substrate (oxygen (O2) or 
hydrogen sulfi de (H2S)). PSB growth oc curs by AP 
us ing NIR and H2S or by chemo syn the sis (CH), 
using O2 and H2S. Growth of CSB oc curs via CH, 
also using O2 and H2S. CSB growth occurs via aer-
 o bic CH uti liz ing sulphur dioxide (SO2) and 
creating H2S in the pro cess. The model consists 

of 10 layers (1 mil li me ter (mm) each), and gains 
den si ty as bio m ass in creas es. Gas exchange occurs 
 between suc ces sive layers and with the at mo sphere.
Claudio Carvalho, EMBRAPA-Belem, Brazil (Am-
 a zon carbon fl uxes) and Ranga Myneni, Boston 
Uni ver si ty, Boston, MA (acetone emissions) collab-
orated with the Ames investigators on this project.

Point of Contact: C. Potter
(650) 604-6164
Christopher.S.Potter@nasa.gov

The most important result of this research is the 
portability obtained by training a support vector 
machine on one dataset and applying it success-
fully to new regions having different land cover 
dis tri bu tions from the train ing site. These results 
dem on strate that the method is directly applicable 
to de tect ing differing land-cover conditions found 
on different boreal ecosystems. The analysis results 
clearly de tail the variability in land-cover char ac -
ter is tics among the several boreal areas imaged. By 
com par i son, in the same images classifi ed using 
tra di tion al meth ods, some pixels were misclassi-
fi ed be cause of the pres ence of more than one class 
prop er ty in the  signature or the oc cur rence of un de -
ter mined sig na tures. For these sig na tures, the sup-
 port vectors re duce the pos si bil i ty of misclassifying 
data for pix el sizes small enough to be entirely or 
nearly entirely of one class.

Applicability of the analysis results reported here is 
not limited to open water. A hierarchical approach 
can be developed to extend the analysis to classify 
additional types of both inundated and noninundated 
vegetation. In this planned analysis, open water will 
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Oxidative damage is implicated in a broad range 
of human health issues, from immune responses to 
cancer to aging. The presence of oxidants on Earth, 
Mars, and possibly Europa, and the oxidizing nature 
of the space radiation regime, hints that oxidative 
damage is an area of broad astrobiological interest. 
Recent work done at Ames Research Center on DNA 
dam age and repair in nature sug gests that ox i da tive 
dam age is common, and its ef fects are not pre dict -
able based on current knowl edge. In spite of that, 
sur pris ing ly little is known about oxidative damage 
in nature.

In FY01, fi eld work was conducted in Yellow-
stone National Park (6/01 and 9/01) to determine 
the  effects of low levels of the naturally occurring 
ox i da tive spe cies, hydrogen peroxide, on DNA 
syn the sis and mitosis. Results showed that in at 
least two dis tinct ec o sys tems, levels of hydrogen 

Oxidative Damage in Nature
Lynn J. Rothschild

peroxide up to about 1 mi cro mo lar (µM) enhanced 
DNA syn the sis and cell division. Work in con-
 junc tion with  per sonnel at Ar i zo na State University 
measured diel chang es in catalase and su per ox ide 
dismutase,  enzymes that detoxify re ac tive ox y gen 
species. Meth ods were developed using high-per-
formance liquid chro ma tog ra phy (HPLC) to detect 
ox i da tive damage in DNA by de ter min ing the ratio 
of  8-hydroxyguanosine to the nonoxidized form, 
 guanosine.

This work holds promise for other areas of concern 
to NASA, from the early evolution of life to plane-
tary protection.

Point of Contact: L. Rothschild
(650) 604-6525
Lynn.J.Rothschild@nasa.gov

be masked after it is classifi ed and then additional 
spectral bands will be added to the multiple-view-
angle dataset. If all the spectral and directional bands 
are used, the prob a bil i ty of unique ly dis crim i nat ing 
more classes in creas es. It is important to em pha size 
that each spec tral band anal y sis in de pen dent ly 
clas si fi ed the multiview-angle dataset as a dem on -
stra tion of the support vec tor technique. Using ad-
 di tion al spectral and view-angle in for ma tion would 
optimize the bi di rec tion al refl ectance dis tri bu tion 
function (BRDF) spec tral signatures for each land-
cover type by us ing the full suite of re mote ly sensed 
data.

The following people collaborated with the prin-
 ci ple Ames investigator: J. Pierce, Mathematics De-
 part ment, United States Naval Academy, An nap o lis, 
MD; M. Diaz-Barrios, S. Ustin, S. Tournois, 
P. J. Zarco Tejada, Department of Land, Air and 
Water Resources, University of California, Davis;
J. Pinzon, NASA Goddard Space Flight Cen ter, 
Greenbelt, MD; P. Shih, National Chiao Tung 
University, Tai wan; and G. L. Perry, Silicom Group, 
Toulouse, France.

Point of Contact: V. Vanderbilt
(650) 604-4254
Vern.C.Vanderbilt@nasa.gov
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Planning and Scheduling of Earth-Observing Satellites
Jennifer Dungan

The implementation of NASA̓ s Earth Observing 
System strategy over the last decade has resulted in 
nu mer ous satellites in low Earth orbit. Today, each 
of these satellites has its own mission control, and 
sci ence ob ser va tions from each of the sensors on 
board are considered independently. This project, 
headed by Ames  ̓Planning and Scheduling Group 
in the Com pu ta tion al Sciences (Code IC) Divi-
sion, is con sid er ing a new way of looking at suites 
of Earth-orbiting (EO) satellites by treating them 
as a con stel la tion for the purpose of coordinating 
 observations taken by their sensors. The resources 
required by constellations are expected to increase 
sig nifi   cant ly in the future. This, combined with 
the drive to reduce costs, the demand for dynamic 

 science ca pa bil i ties, and the need to coordinate 
 between sat el lites, poses a real challenge with re spect 
to how satellite ob ser va tion operations are planned 
and con duct ed. This project is developing an auton-
omous system for scheduling and re sched ul ing 
 remote observation re quests based on the ob jec tive 
of max i miz ing the value of the data collected in a 
dy nam ic en vi ron ment.

In FY01, the group developed a model of remote 
ob ser va tion tasks and associated constraints, sat-
 el lite ca pa bil i ties (instrument, power, memory) and 
user-defi ned priorities for a land satellite (LAND-
SAT)-like sat el lite. This research provided informa-
tion on current EO constellations and ways in which 

Past Sea Surface Tem per a ture Derived from Tree Rings
Hector L. D’Antoni, Ante Mlinarevic

The general distribution of the biota in South Amer-
 i ca is related to the properties and operation of the 
climate system. The Hadley Cell in the tropical 
region and the Ferrell cell in midlatitudes control 
at mo spher ic cir cu la tion. Between both cells the jet 
stream is formed. The seasonally occurring vortex 
centered in the South Pole affects climate in the 
troposphere by introducing anomalies. Precipitation 
is re lat ed to the ocean/at mo sphere interface and, 
in South America, is predominantly dominated by 
the Atlantic Ocean. The El Niño South ern Oscilla-
tion (ENSO) affects these patterns in four regions 
of South America (Ec ua dor, North ern Amazonia, 
 Eastern Bra zil, and East ern Ar gen ti na) with large 
in creas es of pre cip i ta tion (Ec ua dor, Argentina), 
drought (North ern Amazonia), and high er tem per a-
 tures (Ec ua dor, east ern Brazil). These changes af-
 fect tree growth in these and other regions of South 
Amer i ca.

By using dendrochronology data from 25 sites in 
South America, an artifi cial intelligence algorithm 
was trained. With the resulting model, past sea-
 surface temperatures (SSTs) of the Atlantic and 
 Pacifi c oceans for the years 1246–1991 were con-
 struct ed. At lan tic SST appears more stable around 
24.5 de grees Cel sius (°C). Pacifi c past SST varies in 
a much larger range around 21°C and refl ects ENSO 
episodes in the past that are longer than the in stru -
men tal ly re cord ed ones.

Point of Contact: H. D’Antoni
(650) 604-5149
Hector.D.Antoni@nasa.gov
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NASA̓ s Earth Observing System (EOS) satellites 
produce large quantities of images for interpreting 
the state of the land, ocean, and atmosphere. These 
images represent refl ected or emitted elec tro mag -
net ic radiation within a spectral region, such as the 
visible, infrared, or microwave. Models are being 
used to transform these images of refl ected radia-
tion into other biophysical quantities, such as the 
amount of green vegetation on the land surface, the 
quantity of aerosol in the atmosphere, or the activ-
ity of phyto plankton in surface waters. The models 
consist of math e mat i cal formulations of physical 
and bi o log i cal pro cess es, and they yield information 
for each pic ture element, or pixel, in an image. The 
in for ma tion can be mapped in a variety of ways to 
depict geo graph ic pat terns. Figure 1 shows an exam-
ple of such a map, the leaf-area index (LAI) product 
from March 14, 2001, as derived from moderate 
res o lu tion imaging spec trom e ter (MO DIS) images.

There are many sources of uncertainty about the 
results of biophysical models of EOS products. 
 Customarily, biophysical maps are produced with 
no information on this uncertainty. To improve the 
ability to interpret and rationally compare maps, 
uncertainty needs to be quantifi ed. In 2001, Dungan 
spoke at a conference in Southampton, England, on 

“Uncertainty in Remote Sensing and Geographic 
Information Sys tems.” In an attempt to take a com-
pre  hensive view of the problem, a new clas si fi  ca tion 

Quantifying Uncertainty About Earth Science In for ma tion
Jennifer Dungan

data are used to improve the realism of this mod el. 
The model was used with scheduling soft ware de-
 vel oped by Code IC to run several ex per i ments. The 
ex per i ments were run with various hy po thet i cal 
sets of user requests and in each ex per i ment, ob ser -
va tion times and a satellite were assigned to each 
user re quest to satisfy all con straints and assure that 
the optimal set of priority observations was col-
lected. Future work will in ves ti gate the potential for 
a sched ul er aboard a satellite to further optimize the 
data-col lec tion task.

David Smith, Robert Morris, Jeremy Frank, and 
Ari Jónsson of Code IC collaborated with the Ames 
investigator.

Point of Contact: J. Dungan
(650) 604-3618
Jennifer.L.Dungan@nasa.gov

Fig. 1. ARABIC 1. LAI map of parts of California, Nevada, Arizona, 
and Mexico as produced from a model using MODIS images. LAI 
is a measure of the area of green leaves per unit ground area.
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of uncertainty was ad vanced that involves un cer tain ty 
about model pa ram e ters, the structure of mod els, the 
area represented by a pixel, the location of the pixel, 
and fi nally the prediction uncertainty in the bio-
 phys i cal quantities. This classifi cation can be used 
as a basis to generate metrics for specifi c as pects of 
uncertainty.

Because uncertainty about biophysical quantities 
varies spatially, it is a challenge to visualize. A map 
interpreter would like to know where the most re li -
able values are and whether certain groups of pixels 
can be classed as features. The simplest approach 
to this problem is to represent the spread of pos-
sible values as a single number, commonly called 
sigma.  Sigma is a limited metric for un cer tain ty, 
because the shape of the full probability density 
function is often non para met ric. Co-in ves ti ga tors 
at Ames  ̓Advanced Supercomputing Di vi sion and 

the Uni ver si ty of California, San ta Cruz, have cre-
ated tools to generate pic tures of probability density 
functions (PDFs), func tions representing the distri-
bution of probable val ues at a given pixel. Figure 2 
shows one such visual rep re sen ta tion showing PDFs 
across a horizontal and a vertical profi le of a map. 
This work was pre sent ed at the Visualization 2001 
conference in San Diego, California. Though the 
work was  limited to small synthetic datasets such 
as those in Fig ure 2, other work is planned that will 
use  MODIS datasets.

Collaborators on this project were David Kao, Code 
IN, and Alex Pang, University of California,
Santa Cruz.

Point of Contact: J. Dungan
(650) 604-3618
Jennifer.L.Dungan@nasa.gov

Fig. 2. ARABIC 2. Representation of a synthetic map to illustrate a visualization approach. The bottom Fig. 2. ARABIC 2. Representation of a synthetic map to illustrate a visualization approach. The bottom 
plane (associated with the bottom color key) is the median value from the PDF at each pixel. On each plane (associated with the bottom color key) is the median value from the PDF at each pixel. On each 
“wall” of the fi gure, the full PDF at each pixel from a straight row or column in the map is shown. The 
colors on the walls correspond to the top color key, and they represent frequency values.
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Space Solar Power—2001
J. W. Skiles

The concept of Earth orbiting satellites collecting 
solar power in space and transmitting that power to 
the Earth was fi rst proposed in 1968. Since that time 
NASA has held a series of meetings and has funded 
several studies to consider the feasibility of a solar 
pow er satellite system. One project being con-
 sid ered is an array of satellites that will collect solar 
energy, con vert the energy into microwave radiation 
(MWR), and beam the energy to collecting anten-
nas (rectennas) on Earth, where it will be rectifi ed 
into AC elec tric i ty and then fed into the power grid. 
The ben e fi ts of this technology will include reduced 
 dependence on fossil fuels for pow er generation, 
re duced pol lu tion from the burn ing of fossil fuels 
be cause there are no waste by-products, and improve-
ments and in no va tions in space-based con struc tion 
tech niques and robotics.

Microwaves are perhaps the most benign method 
of sending the energy to Earth, but they have two 
 major draw backs. The fi rst is the frequency of the 
beamed radiation. This frequency is planned to be 
at the 2.45-gigahertz (GHz) level, which is the fre-
 quen cy used by many of the communications sat el -
lites now in orbit and the frequency at which most 
cell phones operate. The second drawback is the 
size of the  microwave re ceiv ing stations. These will 
have to be many ki lo me ters square, and the con ti -
nen tal United States alone would need 60 of them.

What is unknown about this technology is the effect 
of chronic exposure of organisms and ecosystems to 
beamed MWR. The energy intensity at the rectenna 
edge is expected to be 0.1 to 1.0 milliwatts per 
square cen ti me ter (mW/cm2). There are few reports 
in the open literature about the effects of MWR on 
plants or an i mals. What research that has been done 
has used fre quen cies vastly different from the 2.45-
GHz planned for space solar power (SSP) and has 
used ex po sure in ten si ties and exposure times that do 
not coincide with the SSP plans.

In order to observe the techniques and technologies 
used for wireless power transmission (WPT), in 
May, Skiles traveled to Reunion Island in the In-
dian Ocean for the WPT 2001 Conference. Reunion 
is de vel op ing a prototype of WPT where electri-
cal power will be broadcast some 700 meters into 
Grand Bassin, a hiking, camping, and backpacking 
tourist stop at the bottom of a mountain range. The 
WPT machinery will be one of the fi rst operational 
WPT setups in the world using microwaves to send 
power over a distance.

With the information and observations obtained 
at the Reunion conference, Skiles, with help from 
 per sonnel in the Ames Systems Engineering and 
the Aero nau tics and Spacefl ight Hardware De vel -
op ment Di vi sions, as sem bled a much smaller scale 
ap pa ra tus to beam microwaves at 2.45 GHz and 0.1 
to 1.0 mW/cm2 across numerous test plants grow-
ing in a con trolled environment in a laboratory. The 
test species in this instance was alfalfa (Medicago 
sa ti va, L.). The plants are being grown under contin-
uous MWR at the above intensities. The hypothesis 
for this study is that there will be no differences be-
 tween the plants grown under MWR and the  control 
plants shield ed from MWR. Vari ables being tested 
include gross mor pho log i cal differences,  cellular 
chemistry, and gas (CO2) exchange rates.

This project merges botany, plant physiology, elec-
 tri cal engineering, and physics in order to answer 
ques tions about how organisms are expected to 
 respond to a constant MWR environment.

Glenn Research Center, NASA Headquarters, Ken-
nedy Space Center, Goddard Space Flight  Center, 
Johnson Space Center, Marshall Space Flight 
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Center, Jet Propulsion  Laboratory, and  Langley 
Re search Center col lab o rat ed with Ames Research 
Center on this project.

The Earth Science Division is supporting Clark 
 University and AeroVironment, Inc., of Simi Val-
 ley, Cal i for nia, in demonstration of a slow-fl ying, 
long-en dur ance, uninhabited aerial vehicle (UAV) 
for high-resolution Earth resource imaging. The 
plan is for NASA̓ s solar-powered UAV Pathfi nder-
Plus (PF+) to collect im ag ery over the Kauai Coffee 
Plan ta tion (KCP), the largest coffee concern in the 
United States. Two high-spatial resolution imaging 
pay load systems are under de vel op ment for in te -
gra tion onto PF+: (1) a Hasselblad 555ELD camera 
body equipped with a Kodak Professional DCS Pro 
Back (4k x 4k charged coupled device (CCD)) for 
RGB im ag ing, and (2) a DuncanTech MS3100 
(1k x 1k 3 CCD arrays) for multispectral narrow-
band im ag ing. The pay loads will be housed in 
en vi ron men tal pods de vel oped by Ames for previous 
mis sions of the prototype Path fi nd er UAV. Mod i -
fi  ca tions are being per formed to comply with PF+ 
con straints on payload mass, vol ume, power con-
 sump tion, and aero dy nam ic drag.

Three in-fl ight payload tests using a conventional 
fi xed-wing aircraft were conducted during FY01, 
two preliminary tests in California and one above 
KCP. Both camera systems performed nominally. 
NASA̓ s six-channel Airborne Large Format Imager 
(ALFI) was fl own as a complementary payload 
pri ma ri ly to collect imagery with a larger variety of 
spectral channels and bandwidths. Broadband wire-
 less network connectivity was implemented be tween 
aircraft- and ground-based local-area net works 
for camera operation and image downlink. The 

ac quired imagery served as a basis for al go rithm 
de vel op ment in support of the near-real-time image 
stream. Key developmental elements include iden-
 ti fi  ca tion of optimal spectral bands, ground reg is -
tra tion, ex trac tion of spectral information co in ci dent 
with known fi elds and subfi elds (blocks), and re sults 
tabulation.

KCP was selected as the test site because of its close 
proximity to the PF+ host airfi eld and because of the 
plantationʼs large-scale production of coffee (1.86 
x 106 – 2.27 x 106 kilograms per year (kg/yr)). 
Mechanical harvesters dislodge coffee cherries at 
all stages of ripening. Ripe coffee cherries have 
by far the highest commercial value, commanding 
$2–3 more per pound than either under- or over-
ripe cher ries. Because coffee fi eld ripening is both 
spatially and temporally dynamic, the challenge 
for large-scale mechanical operations is to dispatch 
har vest ers to the ripest fi elds on a given day. The 
acquired  imagery will be downlinked to a payload 
control sta tion located at KCP for immediate pro-
cessing and delivery to harvest supervisors. Figure 
1 shows the spatial domain of the plantation and the 
seg men ta tion scheme that will be used to organize 
and present ripeness index data. In the framework 
of precision agriculture, the futuristic vision is 
that an aircraft such as PF+ will serve as a plat-
form for successive-day near-real-time mon i tor ing 
of coffee-fi eld ripening in localized areas. In the 
broader  picture, platforms such as PF+ can po ten -
tial ly  support imaging needs of Earth resource and 
 disaster mon i tor ing.

UAV Remote-Sensing Tech nol o gy for Agricultural  Monitoring
Stanley R. Herwitz, Stephen E. Dunagan, Lee F. Johnson, Robert E. Slye, Donald V. Sullivan, Jian Zheng, 
Robert Higgins

Point of Contact: J. Skiles
(650) 604-3614
Joseph.W.Skiles@nasa.gov
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The project is consistent with NASAʼs strategic goal 
of expanding and accelerating the realization of eco-
 nom ic benefi ts from Earth science technology, and 
specifi cally aligns with the Earth Science En ter prise 
(ESE) Food and Fiber applications theme by fur-
 ther ing the development of remote sensing for ag-
 ri cul tur al decision-making. In addition, the project 
sup ports the ESEʼs goal of expanding the capability 
and reducing the cost of Earth ob ser va tion. The 
project is sponsored by NASA̓ s UAV Science Dem-
 on stra tor Program.

Fig. 1. Color infrared image of KCP with fi eld segmentation overlay.

Collaborators on this project were John C. Arvesen, 
Kauai Air borne Sciences; Frank Kidger, Kauai 
 Coffee Plan ta tion; Barry D. Ganapol, University 
of Ar i zo na; Brian Yamamoto, Kauai Community 
 College; Loren Gautz, University of Hawaii; Glen 
Witt, New Mex i co State University; and Robert 
Curtin, AeroVironment Inc.

Point of Contact: S. Dunagan
(650) 604-4560
Stephen.E.Dunagan@nasa.gov
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Airborne Measurements of Aerosols and Water Vapor 
in  Support of the Chesapeake Lighthouse and Aircraft 
 Measurements for Satellites (CLAMS) Experiment, 2001
Jens Redemann, Beat Schmid, John Livingston, James Eilers, Ric Kolyer, Stephanie Ramirez, Phil Russell

Knowledge of the concentration of atmospheric 
water vapor and aerosols (solid or liquid par ti cles 
suspended in air) is crucial for assessing the effect 
of these constituents on climate. Such information 
can be determined using sunphotometers, which 
measure the trans mis sion of the direct solar beam 
through the Earthʼs atmosphere in discrete, narrow 
wavelength bands from the ultraviolet to the near-
infrared (IR) part of the solar spectrum. Frequently, 
suborbital (ground- and aircraft-based) sunphoto-
meter measurements are used to validate aerosol 
and water-vapor data obtained using space-borne 
sensors.

One fi eld experiment specifi cally designed to val-
 i date space-borne measurements was the Ches a -
peake Lighthouse and Aircraft Mea sure ments for 
Satellites (CLAMS) fi eld campaign, July 10–August 
2, 2001. The CLAMS campaign targeted mostly 

clear-sky conditions and en tailed mea sure ments 
from the Ches a peake Lighthouse research platform, 
several land sites, six research aircraft, and the Terra 
sat el lite of NASA̓ s Earth Observing System (EOS). 
CLAMS research goals included validation of 
 satellite-based retrievals of aerosol properties, 
vertical profi les of radiative fl uxes, temperature, and 
water vapor. As part of the CLAMS ex per i ment, 
the 14-channel NASA Ames Airborne Track ing 
Sun photo meter (AATS-14) was op er at ed suc cess -
ful ly aboard the University of Washington CV-580 
 research aircraft during 10 research fl ights (~45 
fl ight hours total). Sub or bit al measurements 
of aero sol optical depth (AOD) and columnar wa-
ter vapor (CWV) were also carried out at several 
ground sites and aboard 5 of the 6 airborne plat-
 forms using a variety of techniques. Figure 1 shows 
the AATS-14 in stalled on the University of Wash-
 ing ton research aircraft.

Fig. 1. The AATS-14: (a) close-up fi lter block of instrument facing the sun, (b) installed on the University of Washington CV-580 aircraft.
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in AOD of more than 0.1 over a distance of ~80 
ki lo me ters. Pre lim i nary data can be viewed at http:
//snowdog.larc.nasa.gov/ftp/in com ing/clams/AATS/
index.html.

The following educational and research institutions 
collaborated with Ames Research Center on this 
ex per i ment: University of Washington; University 
of Sao Paulo; NASA Goddard Space Flight Center; 
NASA Lan gley Research Center; Jet Propulsion 
Laboratory; and University of Maryland, Baltimore 
Coun ty.

Point of Contact: J. Redemann
(805) 658-2637
jredemann@mail.arc.nasa.gov

Airborne Tracking Sunpho-

The AATS-14 measures the direct solar-beam trans-
 mis sion at 14 discrete wavelengths in the range 
of 354–1558 nanometers (nm), yielding aero sol 
optical depth spectra and columnar water vapor. 
Dif fer en ti a tion of AOD (CWV) with respect to 
al ti tude in favorable fl ight patterns allows the der i -
va tion of aerosol ex tinc tion (water-vapor density). 
During coordinated fl ights of the University of 
Wash ing ton CV-580, the AATS-14 measured full-
column aero sol optical depth spec tra at exact Terra 
overpass time on at least 7 oc ca sions. For 5 of these 
op por tu ni ties, AOD in the midvisible part of the 
solar spec trum was at or be low 0.1. Dur ing Terra 
overpass time on July 17, 2001, the AATS-14 mea-
 sured the largest AOD en coun tered during the entire 
ex per i ment (~0.48), in clud ing a horizontal gradient 

tometry and Related Studies of Aerosols and Trace Gases
Philip B. Russell, Beat Schmid, Jens Redemann, John Livingston, Robert Bergstrom, James Eilers, Richard Kolyer, 
Duane Allen, Stephanie Ramirez, Dawn McIntosh

Sunphotometry is the measurement of solar beam 
transmission through the atmosphere. Such measure-
ments, made for narrow bands of ul tra vi o let, visible, 
and infrared radiation, provide valuable in for ma tion 
on the prop er ties of aerosols and such trace gases as 
wa ter vapor and ozone. Atmospheric aerosols (sus-
pen sions of particles comprising hazes, smokes, and 
thin clouds in the troposphere and strato sphere) play 
im por tant roles in infl uencing regional and global 
climates, in de ter min ing the chemical com po si tion 
of the at mo sphere, and in modifying trans port pro-
 cess es. In all these roles aerosols interact with trace 
gases through pro cess es such as evap o ra tion and 
condensation, pho to chem i cal reactions, and mutual 
interactions with the ra di a tion fi eld.

Using a single technique, sunphotometry, to study 
both aerosols and trace gases is often an advantage 
in un der stand ing their properties and these in ter -
ac tions. A major objective of the Ames airborne sun-

photometry team is to make unique mea sure ments 
of aerosols, water vapor, and ozone that ad dress 
current scientifi c ques tions by taking ad van tage of 
the three-dimensional mobility of air craft and other 
platforms (Figure 1). Another equal ly important 
objective is to use those and re lat ed mea sure ments 
together with models in studies that clar i fy the roles 
of aerosols and trace gases in ra di a tive transfer, 
climate change, and the processes that determine 
at mo spher ic composition and trans port.

In FY01, efforts of the Ames airborne sunphotom-
etry team focused on integrating the AATS-6 and 
-14 on three aircraft, making many fl ights in two 
major fi eld campaigns, and analyzing data from 
these and previous campaigns. For the Spring 2001 
campaign of the Asia-Pacifi c Aerosol Char ac ter -
iza tion Ex per i ment (ACE-Asia), the AATS-6 was 
integrated on the National Science Foundationʼs 
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C-130 aircraft, and the AATS-14 was integrated on 
the Twin Otter of the Center for In ter dis ci pli nary 
 Remotely Piloted Aircraft Studies (CIRPAS). For 
the Summer 2001 Chesapeake Light house and 
Air craft Measurements for Satellites (CLAMS) 
cam paign, the AATS-14 was reintegrated on the 
Uni ver si ty of Washington CV-580. The AATS-6 and 
-14 made 15 and 19 fl ights, re spec tive ly, in ACE-
Asia, and the AATS-14 made an oth er 10 fl ights in 
CLAMS.

The AATS-14 datasets are being used in continuing 
studies of several techniques for separating aerosol 

and ozone contributions to solar-beam attenua-
tion. The goal of these studies is to provide insights 
into aerosol/ozone separation for the Stratospheric 
Aero sol and Gas Experiment (SAGE II and SAGE 
III) spaceborne sen sors, par tic u lar ly when their 
 measure-ments ex tend down ward from the strato-
 sphere into the tro po sphere. Related stud ies by team 
mem bers combined SAGE II mea sure ments with 
those by the Cryo gen ic Limb Array Etalon Spectro-
meter (CLAES) to de vel op maps and his to ries of 
strato spher ic aerosol prop er ties before and after the 
Pinatubo volcanic in jec tion to the strato sphere.

Fig. 1. Illustration of how the 6- and 14-channel Ames Airborne Tracking Sunphotometers (AATS-6 and AATS-14) have been used in a 
variety of experiments. They have fl own on many different aircraft to study the major aerosol types of the globe and the associated water 
vapor and/or ozone. To help validate and extend satellite retrievals, AATS measurements are often coordinated with satellite overfl ights. 
Such coordinated mea sure ments, with both nadir-viewers such as the Earth Observing System (EOS) Terra platform and limb-viewers 
such as the Stratospheric Aerosol and Gas Experiments (SAGE), also help place the AATS measurements in a larger spatial context. As 
shown, the AATS-6 and -14 are autotracking instruments that use motors to keep detectors pointed at the sun, independent of aircraft 
motion. The tracking head of each instrument mounts external to the aircraft skin, both to increase data-taking opportunities relative to 
in-cabin sunphotometers and to avoid data contamination by cabin-window effects.
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 Atmospheric Administration (NOAA); California 
Institute of Technology; Geor gia Tech; San Jose 
State Uni ver si ty; State University of New York; 
University of Cal i for nia at San Di ego; Uni ver si ty 
of Illinois; Uni ver si ty of Wash ing ton; Bremen Uni-
 ver si ty; Stockholm Uni ver si ty; Tokyo University 
of Mer can tile Marine; UK Me te o ro log i cal Research 
Flight, UK Me te o ro log i cal Of fi ce; Uni ver si ty of Sao 
Paulo; and University of To kyo.

Point of Contact: P. Russell
(650) 604-5404
Philip.B.Russell@nasa.gov

Members of the Airborne Sunphotometer-Satellite 
Group are also active in studies of aerosol and trace-
gas properties and effects that do not necessarily 
use AATS data. In FY01, these other studies pro-
duced jour nal papers on light absorption by carbon 
and other materials in aerosols, plus comparisons 
of wa ter-vapor measurements by the AATS-6 and 
many other techniques in a 1997 experiment at the 
De part ment of En er gyʼs Southern Great Plains Site.

The following educational and research institutions 
collaborated with Ames on this project: Goddard 
Space Flight Center; Langley Research Center; 
Jet Propulsion Laboratory; National Oceanic and 

Direct Measurements of Sta ble Isotope Ratios in Ni trous 
Oxide in Air
Hansjürg Jost, James R. Podolske

Nitrous oxide (N2O) is increasing at a rate of about 
0.3% per year in the atmosphere. It is an im por tant 
green house gas and its decay products react with the 
ozone layer, potentially infl uencing the future of life 
on this planet. There is still a large uncertainty in the 
ground-level sources of N2O, which are be lieved 
to be from bi o log i cal activity. Isotopic ratios can be 
used to char ac ter ize such sourc es and help reduce 
the un cer tain ties in the source budget and add to our 
un der stand ing of sig na tures of life.

Only limited isotopic data of the main sources (trop-
 i cal soils, temperate soils) is currently avail able, and 
almost no isotope ratio data on seasonal and annual 
variations and changes in anthropogenic sources 
exist. An instrument with long-term, contin uous de-
termination of isotope ratios will con trib ute tremen-
dously to a better characterization of N2O sources 
and understanding of the underlying (phys i o log i cal) 
processes.

A prototype instrument is being built to perform in 
situ, nondestructive measurements of isotope ratios 
of trace gases in ambient air in real time to allow 
continuous monitoring. It employs a tunable diode 
laser and state-of-the-art optical cavities. The 
cavities are 0.9-meter (m) long and with mirror 
refl ect ivities of great er than 99.99%, they have an 
ef fec tive path length of more than 9 ki lo me ters 
(km). This long op ti cal path allows accurate mea-
 sure ment of the weak spectroscopic features created 
by the dif fer ent, rare iso topes of a trace gas.

This technology will lead to a fi eld-deployable 
instrument.

Todd B. Sauke, SSX, Seti Institute, collaborated 
with the Ames investigators.

Point of Contact: H. Jost
(650) 604-0697
hjost@mail.arc.nasa.gov
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Evolution of an Unmanned Aerial Vehicle Science Mis sion 
Capability
Steven S. Wegener

FY01 was a year of signifi cant progress in the devel-
opment of a capability to conduct airborne sci ence 
mis sions from unmanned aerial vehicles (UAVs).

This project supports NASA goals in the Aero-
Space Technology (Code R) and Earth Science 
(Code Y) En ter pris es. Code R activities are funded 
by the En vi ron men tal Research Aircraft and Sensor 
Tech nol o gy (ERAST) Program. The Code Y ac tiv i-
 ties sup port the Suborbital Science Program.

The Aero-Space Technology ERAST Program is 
designed to bring focus to critical technology de-
 vel op ments and fl ight demonstrations that reduce 
the technical and economic risk of using remotely 
pi lot ed aircraft as a means to collect scientifi c data 
in a time ly and cost-effective manner. The Earth 
Sci ence Division supports ERAST by developing 
air borne science payloads and fl ight demonstration 
missions.

The Earth Science Enterprise (ESE), with the char-
 ter to study the Earth systems that drive the en vi -
ron ment from the unique vantage point of space, 
de pends on airborne studies to validate space-borne 
measurement and modeling efforts. UAVs have the 
potential to make airborne mea sure ments in ways 
not possible from conventional aircraft, fl ying long-
endurance and dangerous missions. The ESE has 
created the UAV Science Demonstration Program 
at the Ames Research Center in an effort to gain 
oper ational experience to evaluate the Earth science 
 research and application value of these platforms.

UAVs, as evolving technology, have special needs 
in order to become viable and productive platforms. 
The UAV science mission demonstrations, man-
aged by this project, are the only civil UAV appli-

cations being conducted to evolve the operational 
ex pe ri ence base required to develop the regulatory 
(air space man age ment and vehicle certifi cation) 
frame work and mar ket perceptions.

In FY01, the ESE solicited science and application 
proposals utilizing UAVs as the airborne platform. 
Eleven high-priority proposals were selected to 
con duct implementation studies to reduce risk, and 
 revised proposals were requested, refl ecting the 
 lessons learned in the implementation study. Final 
eval u a tions led to two proposals being selected and 
awarded. These studies include the “Altus Cumulus 
Electrifi cation Study (ACES)” science mission to 
investigate lightning relationships and storm morph-
ology, and the “Coffee Harvest Optimization Us ing 
UAV Platforms for the Acquisition of High Spa tial 
Resolution Real-Time Multispectral Im ag ery” utili-
zing a solar electric UAV. The Earth Sci ence En ter -
prise now has added UAVs to the stable of plat forms 
available for airborne science and ap pli ca tions.

Another activity under the evolution of a UAV 
 Science Mission Capability project included the 
First Response Experiment (FiRE). This effort 
was de signed to put geo-registered multispectral 
im ag ery for a UAV in the hands of disaster manag-
ers in near-real-time. In September the Altus UAV, 
car ry ing the Air borne Infrared Disaster Assessment 
 System (AIRDAS), and a satellite communications 
sys tem acquired an image of a controlled burn near 
the El Mirage, California, airport (Figure 1), and 
placed a JPEG fi le on the World Wide Web (WWW) 
with in three minutes. A geo-registered GIS image 
was then developed and placed on the WWW with in 
an ad di tion al six minutes (Fig ure 2). This is the only 
ci vil ian airborne pay load that can provide geo-regis-
tered multispectral im ag ery in near-real-time.
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Fig. 1. Altus fl ying over the controlled burn during demonstration 
fl ight at El Mirage, California.

Fig. 2. Three-color image showing AIRDAS quicklook data over 
General Atomics’ test range in El Mirage, California. Controlled 
burn appears as the bright yellow spot in the center of the image.

Point of Contact: S. Wegener
(650) 604-6274
Steven.S.Wegener@nasa.gov

Fourth Convection and Mois ture Experiment (CAMEX 4):
15 August – 26 September 2001
R. Stephen Hipskind, Michael S. Craig

The Convection and Atmospheric Moisture Ex per i-
 ment 4 (CAMEX 4) was a large airborne fi eld cam-
 paign sponsored by the Atmospheric Dynamics and 
Re mote Sensing Program in NASA̓ s Earth Science 
Enterprise. The primary objective of the experiment 
was to better characterize and un der stand tropical 
cy clones to even tu al ly improve the capability to pre-
dict their intensifi cation and pre cip i ta tion amounts. 
The prediction of trop i cal cyclones, es pe cial ly their 
track and landfall lo ca tion, has improved dra mat i-
 cal ly over the last three de cades, especially with the 

advent of satellite-based surveillance. Still, one of 
the largest un cer tain ties is in understanding the 
mech anisms by which some storms intensify into 
Cat e go ry 5 mon ster hur ri canes and some that are 
pre dict ed to in ten si fy ac tu al ly fi zzle. The other 
large scientifi c un cer tain ty is the amount of pre cip i-
 ta tion gen er at ed by these trop i cal storms. Some of 
the larg est hur ri canes drop rel a tive ly light rainfall 
amounts while other smaller storms may lead to 
copious pre cip i ta tion and fl ood ing.
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Aerosonde, an uninhabited aerial vehicle (UAV), 
to make me te o ro log i cal mea sure ments in the low-
est 1500 meters over the ocean. The NASA aircraft 
were based at the Naval Air Sta tion in Jacksonville, 
Flor i da, and the Aerosonde was based at the May-
port Naval Base just east of Jack son ville.

CAMEX 4 was scheduled to coincide with the clima-
tological period with the most frequent trop i cal 
 cyclones in the western Atlantic. There was a dearth 
of tropical storms during the experiment this year, 
but three trop i cal storms, two of which were hur ri -
canes, were stud ied by fl ying into them. On the last 
three days of the project, three fl ight missions were 
fl own into Hur ri cane Humberto, to study it from its 

Fig. 1. A conceptual representation of the teams participating in CAMEX-4 and the relative locations of their bases of operations in the 
southeastern United States.

CAMEX 4 assembled an array of platforms and 
instru ments to make measurements from the Earthʼs 
surface, space, and everywhere in between (Fig -
ure 1). Sev er al research weather radars and a ver-
 ti cal radar wind profi ler were set up and operated 
in the Flor i da keys. A special radiosonde operation 
was set up on Andros Island in the Bahamas. The 
heart of the project was the two NASA aircraft, the 
DC-8 and ER-2, as well as two National Oceanic 
and Atmo spheric Ad min is tra tion (NOAA) P-3s. 
NOAA also fl ew the Gulfstream IV as part of the 
ongoing op er a tion al support of the National Hur-
ricane Cen ter, as did the Air Force 53rd Weather 
Re con nais sance Wing (the Hurricane Hunters) with 
their C-130s. NASA also funded the Australian 



200 S G G  -  A T M O S P H E R I C  C H E M I S T R Y  A N D  D Y N A M I C S  B R A N C H

Global Distribution and Sourc es of Volatile and Non vol a tile 
Aerosol in the Re mote Tro po sphere
Hanwant B. Singh, W. Viezee, Y. Chen, A. Tabazadeh, R. Pueschel

dropsonde capability to the ER-2 aircraft. This is the 
fi rst time ever that complete soundings have been 
made from the stratosphere to the surface in the 
middle of a tropical storm.

CAMEX 4 was composed of 28 Principal In ves -
ti ga tors from fi ve NASA Centers, two other gov-
 ern ment agen cies (NOAA and the National Science 
Foun da tion (NSF)), and 10 universities. Other 
col lab o ra tors were the Air Force 53rd Weather Re-
 con nais sance Wing, the U.S. Navy at Jack son ville, 
Mayport, and the Naval Air Station (NAS) Key 
West.

Robbie Hood, NASA Marshall Space Flight Center, 
collaborated with the Ames investigators. The Proj-
ect Staff were Quincy Allison, Steve Gaines, Joe 
Goosby, Chris Scofi eld, Betty Symonds, Sue Tolley, 
and Kent Shiffer.

Point of Contact: S. Hipskind
(650) 604-5076
Roderick.S.Hipskind@nasa.gov

Airborne measurements of aerosol (condensation 
nuclei, CN) and selected trace gases made over 
 areas of the North Atlantic Ocean during SASS 
Ozone and Ni tro gen Oxides Experiment (SONEX) 
(Oc to ber/November 1997), the south tropical 
Pacifi c Ocean dur ing pro tein-exchange membrane 
(PEM)-Trop ics A (Sep tem ber/October 1996), and 
PEM-Tropics B (March/April 1999) have been an-
 a lyzed. The em pha sis is on in ter pret ing variations 
in the number densities of fi ne (>17 nanometers 
(nm)) and ultrafi ne (>8 nm) aero sol in the upper 
tro po sphere (8–12 ki lo me ters (km)). These data 
suggest that large number den si ties of highly vola-
tile CN (104–105 per cubic cen ti me ter (cm-3)) are 
present in the upper tro po sphere, par tic u lar ly over 
the tropical/sub trop i cal region. CN number densi-

ties in all  regions are larg est when the at mo sphere 
is devoid of non vol a tile par ti cles. Through marine 
convection and long-dis tance hor i zon tal transport, 
volatile CN orig i nat ing from the tropical/subtropical 
regions can fre quent ly affect the abun dance of 
aerosol in the middle and upper tro po sphere at mid-
to-high lat i tudes. Non vol a tile aerosols behave in 
a manner sim i lar to trac ers of com bus tion (carbon 
monoxide (CO)) and pho to chem i cal pol lu tion as 
peroxyacetyl nitrate (PAN), implying a con ti nen tal 
pol lu tion source from in dus tri al emis sions or bio-
 m ass burn ing. In the upper tro po sphere, volatile and 
non vol a tile aerosol num ber densities are inversely 
corre lated. Results from an aerosol mi cro phys i cal 
mod el suggest that the co ag u la tion of fi ne volatile 

genesis as a trop i cal depression to a tropical storm 
and fi nally its intensifi cation into a hurricane. On 
one of those fl ight days, six aircraft were stacked 
from the Air Force C-130s at the low altitude to 
the ER-2 at the 19-ki lo me ter altitude. These fl ights 
 returned un prec e dent ed datasets from the storm and 
should lead to a bet ter understanding of hurricane 
de vel op ment. CAMEX 4 also ac com plished several 
fl ights in sup port of the Keys Area Mi cro phys ics 
Project (KAMP), which focused on cloud dynamics, 
mi cro phys ics, and quan ti ta tive precipitation es ti -
ma tion.

CAMEX 4 was a close collaborative effort between 
NASA and the NOAA Hurricane Research Di vi sion. 
Unlike the previous CAMEX 3 mission in 1998, 
more effort was made to coordinate the air craft 
fl ight tracks so that the aircraft were in the same 
geographical area at the same times. This will great-
 ly enhance the ability to analyze the data from the 
different platforms. In addition, CAMEX 4 add ed a 
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mill, San Jose State University; H. Fuelberg and J. 
R. Hannan, Florida State University,  Tallahassee.

Point of Contact: H. Singh
(650) 604-6769
Hanwant.B.Singh@nasa.gov

Laboratory Studies of At mo spher ic Heterogeneous and Mul-
tiphase Chemistry
Laura T. Iraci, Samantha Ashbourn

Interactions between gases and particles occur 
through out the Earthʼs atmosphere, and they have 
con se quenc es such as the formation of acid rain and 
the destruction of stratospheric ozone. To un der stand 
how these processes occur in the highly com plex at-
 mo sphere, heterogeneous (gas/surface) in ter ac tions 
in a controlled laboratory setting are studied. By 
care ful ly varying parameters such as tem per a ture, 
rel a tive hu mid i ty, and particle com po si tion, it is 
pos si ble to isolate the re sponse due to changes in 
each of these con di tions in the real at mo sphere. 
 Results can then be used in an in te grat ed analysis 
with fi eld mea sure ments and mod el ing stud ies to 
pro duce a more com plete un der stand ing of the 
en vi ron ment and to pre dict how future chang es in 
 temperature or par tic u lates may, in turn, affect the 
chem is try of the at mo sphere.

A recent study was completed of the interaction of 
methanol with aqueous sulfuric acid solutions that 
mimic the particles found in the lower stratosphere. 
The motivation for this work was twofold: the 
con clu sion of coworkers at Ames that a signifi cant 
meth a nol sink is needed to balance the global bud-
 get, and ob ser va tion of unexpectedly high levels 
of meth anol in the remote marine atmosphere. In 
the lab o ra to ry, the up take of methanol in aque-

ous 45–70 wt% H2SO4 so lu tions was measured at 
tem per a tures  between 197 and 231 kelvin (K). The 
solubility  increases with de creas ing tem per a ture and 
in creas ing acidity, with an effective Henryʼs law co-
 ef fi  cient ranging from 105 to 108 moles per liter per 
at mo sphere (moles liter-1 atm-1). This equilibrium 
uptake of meth a nol into sulfuric acid aerosol par ti -
cles in the upper tro po sphere and lower strato sphere 
will not ap pre cia bly alter gas-phase con cen tra tions 
of meth anol, nor does it pro vide the “miss ing sink” 
in the at mo sphere.

In addition to simple dissolution and other equi-
 lib ri um processes, a reaction between methanol and 
sulfuric acid at room temperature was observed. 
Unfortunately, this reaction is too slow to provide a 
sink for gaseous methanol at the temperatures of the 
upper troposphere and lower stratosphere. It is also 
too slow to produce suffi cient quantities of soluble 
reaction products to explain the large amount of 
unidentifi ed organic material seen in particles of 
the upper troposphere. These results contradict re-
cent rate coeffi cients reported by workers at the Jet 
 Propulsion Laboratory.

Another current project investigates the behavior of 
the halogen species hypobromous acid (HOBr), 

particles with fewer but larger non vol a tile particles, 
of prin ci pal ly an thro po gen ic origin, is one pos si ble 
ex pla na tion for this re la tion ship. In some in stanc es 
the larger non vol a tile par ti cles may also directly 
re move pre cur sors (e.g., H2SO4) and ef fec tive ly 
stop nucleation.

Collaborators on this project were B. Anderson, 
M. Avery, NASA Lan gley Research Center; P. Ha-
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layer. Other areas of interest in clude the fate of ion ic 
and nonionic solutes upon freezing of cloud drop-
lets, and studies of aqueous phase trans for ma tions 
of oxygenated compounds of biogenic origin.

Point of Contact: L. Iraci
(650) 604-0129
Laura.T.Iraci@nasa.gov

Open-Path Diode Laser Hygrometer Instrument for 
 Tropospheric and Strato spher ic Water-Vapor Studies
James R. Podolske

The diode laser hygrometer (DLH), developed 
by NASA̓ s Langley and Ames Research Centers, 
has fl own on the NASA DC-8 during several fi eld 
mis sions, including subsonic aircraft: contrail and 
cloud effects spe cial study (SUCCESS), Vortex 
Ozone Transport Experiment (VOTE), Tropical 
Ozone Transport Experiment (TOTE), SASS Ozone 
and Nitrogen Oxides Ex per i ment (SONEX), Pacifi c 
Exploratory Mission (PEM) (PEM Tropics A and B), 
SAGE III Ozone Loss and Val i da tion Ex per i ment 
(SOLVE), ARM/FIRE Wa ter Vapor Ex per i ment 
(AFWEX), and the Trans port and Chem i cal Evo-
 lu tion over the Pacifi c (TRACE-P) campaign of 
2001. The optical layout of this sen sor consists of 
the com pact laser trans ceiv er mount ed to a DC-8 
win dow port and a sheet of retro-refl ecting “road 
sign” ma te ri al applied to the DC-8 engine enclo-
sure that com pletes the op ti cal path. This sen sor 
ap proach has numerous ad van tag es, including com-
 pact ness, simple in stal la tion, fast response time (50 
mil li sec onds (msec)), no wall or inlet ef fects, and a 
wide dynamic mea sure ment range (sev er al orders 
of mag ni tude).

Using differential absorption detection techniques 
similar to those described in the literature, gas-
phase water (H2O(v)) is sensed along a 28.5-meter 

ex ter nal path. For dry conditions (generally altitudes 
great er than 6 kilometers (km)) the diode laser 
wave length is locked onto a strong, isolated line at 
7139.1 per centimeter (cm-1), while for altitudes 
typically less than 6 km the laser wavelength is 
locked onto a weak er line at 7133.9 cm-1. If the la-
 ser differential absorption signal is normalized with 
the laser power signal, the H2O(v) mea sure ment is 
unaffected by clouds, haze, plumes, etc., thereby en-
abling high spatial resolution mea sure ments in and 
around clouds. The H2O(v) mixing ratio is com-
 put ed by an algorithm from the dif fer en tial ab sorp -
tion mag ni tude, ambient pressure and temperature, 
and co ef fi  cients derived from lab o ra to ry calibration 
of the sensor.

During the AFWEX campaign in December 2000, 
DLH was fl own with a suite of in situ and remote-
sensing water instruments to assess the level of 
agree ment between the various techniques.

Glenn Diskin and Glen Sachse, Lan gley Research 
Center, collaborated on this project.

Point of Contact: J. Podolske
(650) 604-4853
James.R.Podolske@nasa.gov

 hydrobromic acid (HBr), and hydrochloric acid 
(HCl) at tem per a tures warmer than those that lead to 
polar stratospheric cloud formation. The behavior of 
HOBr under these conditions is important, 
because it may enable chlorine activation and sub se -
quent ozone destruction in “warm” regions of the 
at mo sphere. A new laboratory facility will allow 
con tin ued studies of the uptake and reactivity of 
ha lo ge nat ed and small organic mol e cules on sul fu ric 
acid solutions that model the glo bal sulfate aero sol 
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This is a three-year program of diagnostic and model-
ing studies to elucidate two key issues that bear upon 
un der stand ing the maintenance of water vapor and 
ozone distributions in the tropical tropo pause layer 
(TTL) between 14 and 19 kilometers (km). The 
pri ma ry issue is the origin and per sis tence of high-
altitude, thin cir rus clouds and their role, either di-
 rect or in di rect, in controlling the con cen tra tions of 
wa ter vapor and ozone in the TTL. A second is sue is 
the spatial dis tri bu tion of quasi-hor i zon tal in-mixing 
from high er latitudes into the TTL that may affect 
the ver ti cal structure of ozone in the TTL.

Convective infl uence analyses are ongoing of air-
 borne differential absorption lidar (DIAL) ob ser -
va tions of thin cirrus from NASA missions in the 
trop i cal Pa cifi  c and Atlantic oceans over the course 
of the past de cade. This analysis will allow de ter -
mi na tion of whether these thin cirrus layers in the 
TTL are re sid u als left over from deep con vec tive 
events or in de pen dent cloud features formed in situ 
from slow, radiatively forced ascent.

Transport and Me te o ro log i cal Analysis
Leonhard Pfi ster, Henry Selkirk

The objectives of work performed under this overall 
task are twofold. First, provide meteorological guid-
 ance to airborne fi eld missions for NASA̓ s Upper 
At mo sphere Research Program, NASA̓ s Radiation 
Sci enc es Program, and NASAʼs Global Tro po spher ic 
Ex per i ment (GTE). This includes providing, in real 
time, and archiving extensive meteorological sat-
 el lite datasets for use by the mission scientist and by 
the science team. During FY01, signifi cant me te o r-
o log i cal mission prep a ra tion work was done for the 
up com ing CRYSTAL-FACE mission, a ra di a tion 
sciences fi eld program aimed at understanding the 
radiative and mi cro phys i cal properties of cirrus 

clouds in the Florida region during summer 2002. 
Among the tools available is providing real-time in-
formation on convectively infl uenced air for  mission 
plan ning, es sen tial ly by a combination of tra jec to ry 
modeling and satellite imagery. This tech nique uses 
this tool to establish which air mass es have been 
recently in fl u enced by con vec tion. It is expected 
to be used dur ing the upcoming  CRYSTAL-FACE 
mission. For GTE, some pre lim i nary meteorological 
in ves ti ga tion has been done for the proposed In ter -
con ti nen tal Transport Experiment (INTEX), to be 
per formed in 2004 and 2005.

Thin Cirrus and Horizontal Transport Studies
Henry Selkirk, Leonhard Pfi ster, Marion Legg, Eric Jensen

At the completion of the convective infl uence analy-
sis, simple modeling calculations will be done of the 
thin cirrus events using the explicit mi cro phys i cal 
model developed at Ames Research Center. An 
 attempt will be made to reproduce the gross mi cro -
phys i cal char ac ter is tics of the observed thin cloud in 
the con text of the ther mal history of the air parcels 
derived from the con vec tive infl uence anal y ses.

The investigations of horizontal transport use tra-
 jec to ry analysis techniques to address the spa tial 
vari a tions of ozone in the TTL that may be due to 
the horizontal transport from higher latitudes, in 
parti cular the lon gi tu di nal gradient in ozone that has 
been ob served in the equatorial Pacifi c.

Point of Contact: H. Selkirk
(650) 604-6489
hselkirk@mail.arc.nasa.gov
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The second objective is scientifi c analysis of the 
data from the airborne fi eld missions. This analysis 
consists of four basic areas: (1) water vapor and 
sub vis i ble cirrus clouds in the upper tropical tro-
 po sphere, (2) wa ter vapor in the winter arctic tro-
po pause re gion, (3) grav i ty waves and turbulence, 
and (4) tro po spher ic chemistry. The fi rst of these 
issues is fun da men tal to the input of water vapor 
into the strato sphere, which is an important factor 
in strato spher ic gas-phase chemistry and for the 
for ma tion of polar stratospheric clouds (PSCs). The 
chemistry on PSCs, in turn, is responsible for much 
of the ozone loss due to chlorinated hydrocarbons. 
The second area, water vapor in the arctic upper 
tro po sphere and lower strato sphere, is potentially 
im por tant to the for ma tion of ice clouds that can 
have similar chemical effects as the PSCs. Grav-
ity waves are important because: (a) they produce 
tur bu lence, which can affect vertical mixing of 
strato spher ic trace con stit u ents; (b) they transport 
mo men tum upward, which drives important features 
of the strato spher ic cir cu la tion such as the tropi-
cal qua si-bi en ni al os cil la tion; and (c) they produce 
tem per a ture de vi a tions that can produce subvisible 
cir rus clouds. The fourth area involves investigating 
the effects of con vec tion on tropospheric chemi-
cal trace con stit u ents, including the distribution of 
bound ary layer trace constituents (either naturally or 
anthro pogenically generated) throughout the tro po -
sphere by con vec tion.

To deal with the four areas of scientifi c analysis, 
some important analysis tools have been devel-
oped. The most novel of these is the “convective 
in fl u ence” calculation, whereby calculation is made, 
using a combination of back trajectories and me-
 te o ro log i cal satellite data, of the amount and age 
of recent “con vec tive infl uence” on an air parcel. 
This technique has been used in connection with the 
fi rst area of scientifi c analysis indicated previously, 
name ly sub vis i ble cirrus clouds in the upper tropical 
tro po sphere. Specifi cally, an assessment was made 
as to whether subvisible cirrus clouds observed 
dur ing the 1995–1996 Tropical Ozone Transport 

Ex per i ment/Vortex Ozone Transport Experiment 
(TOTE/VOTE) were produced by local cooling and 
ice nu cle ation or were a long-lived outfl ow from 
con vec tion. Good correspondence was found be-
 tween the locations of different types of near-tropo-
 pause cirrus and the origins of the air, with smooth 
lam i nar cirrus clearly the result of local cooling, and 
lumpier clouds the apparent outfl ow of convection. 
Notably, it appears that some of this convective 
out fl ow can last several days, based on calcula-
tions. Also noted was the presence of inertia-gravity 
waves and their characteristics. These waves have 
a very good cor re spon dence to the sloping cloud 
shapes, indicating that the cooling associated with 
these waves is prob a bly responsible for the clouds.

This last result is signifi cant, because it lends sup-
 port to a hypothesis that is the result of modeling 
work. This hypothesis suggests that long-period 
waves produce cirrus clouds, which are then heated 
and lofted into the stratosphere. As the clouds grow, 
large particles fall out, dehydrating the air. In effect, 
this mechanism will move air into the stratosphere 
and dehydrate it at the same time, possibly resolving 
a crucial question of how very dry air gets into the 
lower tropical stratosphere.

The convective infl uence technique has also yielded 
insight into some of the results from the At mo -
spher ic Chemistry of Combustion Emission Near 
the Tropo pause (ACCENT) experiment. As a result 
of this technique, it is possible to trace high values 
of me th yl nitrate in the upper troposphere over the 
Gulf of Mexico to convection in the eastern Pacifi c. 
The signifi cance is that the ability to understand one 
component (convection) of why air masses have the 
composition that they do is possible. Developing 
an understanding of the effect of natural processes 
(e.g., convection) on air masses is certainly a pre-
 req ui site for understanding the effect of human pro-
 cess es (e.g., continental scale air pollution).

With the completion of the SAGE III Ozone Loss 
and Validation Experiment (SOLVE), some re-
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sults on the second area of scientifi c analysis were 
 obtained, namely water vapor in the winter arctic 
tropo pause region. There are three major con clu -
sions. First, troposphere-to-stratosphere exchange 
extends into the arctic stratosphere to about 13 
ki lo me ters (km), about 3.5 km above the prevail-
ing av er age tropopause. Second, based on observed 
water-vapor and temperature histories during early 
spring, about 20% of air parcels that have ozone 
values  between 300 and 350 parts per billion by 
volume (ppbv) (in other words, well within the arc-
tic strato sphere) experience ice saturation some time 
during a given 10-day period. This is po ten tial ly 
signifi cant, be cause ice clouds within the low er most 

strato sphere can lead to possible chlorine activa-
tion. Third, at the tropopause during a given 10-day 
pe ri od during early spring, 5–10% of parcels experi-
ence ice  saturation even if their water vapor content 
is at the pre vail ing stratospheric value of 5 parts per 
million by volume (ppmv). This means that the arc-
tic tropo pause may act as a major drying mechanism 
for the upper troposphere during spring, a fact that 
is impor tant for the Earthʼs ra di a tion bud get.

Point of Contact: L. Pfi ster
(650) 604-3183
Leonhard.Pfi ster-1@nasa.gov
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Climate Forcing by Clouds and Aerosols: Two Years of Field 
Studies
Peter Pilewskie, Warren Gore, Larry Pezzolo

Researchers at Ames Research Center (ARC) con-
 trib ut ed to four major multiagency fi eld campaigns 
conducted during FY00 and FY01. These ex per i-
 ments were geared toward improving the un der -
stand ing of how aerosols and clouds affect glo bal 
climate through their infl uence on the ra di a tive 
 energy bud get. In the case of at mo spher ic aero sols, 
for ex am ple, it is considered that their impact may 
mit i gate to some degree the ex pect ed warming due 
to the  increasing con cen tra tions of carbon di ox ide 
and other greenhouse gases. The extent to which 
aero sols may reduce global warming depends on 
how they absorb and scatter radiation and on the 
spatial and temporal dis tri bu tion.

The ARC Radiation Group has measured the spec-
 tral distribution of solar radiation from various air-
 borne platforms during the Department of Energy 
(DOE) Atmospheric Radiation Measurement (ARM) 
At mo spher ic Radiation Measurement En hanced 
Short wave Experiment II (ARESEII) mis sion in 
FY00; the Offi ce of Naval Research (ONR)/NASA 
Puerto Rico Dust Experiment (PRIDE) in FY00; the 
NASA Southern African Regional Sci ence Initiative 
 (SAFARI) 2000 mission in FY00; and the ONR/
Na tion al Science Foundation (NSF) Aerosol Char-
 ac ter iza tion Experiment (ACE)-Asia experiment 
in FY01. Dur ing FY01 the group made signifi cant 
strides in in ter pret ing the data collected from these 
ex per i ments.

Puerto Rico Dust Experiment (PRIDE)
For the fi rst time the absorption spectrum of Sa-
 har an dust aerosol has been derived and its spectral 
ra di a tive forcing determined. This was achieved 
by mea sur ing solar spectral radiative fl ux above 
and below layers of dust in the atmosphere over 
the west ern Atlantic Ocean. The origin of the dust 

aero sol can be traced to the Sahara Desert. Thus the 
in fl u ence of Saharan dust is of global scale and the 
radiometric observations will enable determination 
of how this dust affects the global energy balance. 
Figure 1 shows results from PRIDE.

S G P  -  A T M O S P H E R I C  P H Y S I C S  B R A N C H

Atmospheric Radiation Measurement Enhanced 
Shortwave Experiment II (ARESEII)
The ARESEII mission was conducted to determine 
the amount of solar radiation absorbed by cloud 
layers. This topic has remained a large source of 
concern in the radiation science community because 

Wavelength (nm)

PRIDE 15 July 2000

F
ra

ct
io

n
al

 a
b

so
rp

ti
o

n

0
450 800 1000 1200 1400 1600

.2

.4

.6

.8

1.0
SSFR
Bergstrom model

600

Fig. 1. Measured (blue curve) and modeled (red sym bols) frac-
tional dust absorption for a Saharan air layer during the PRIDE 
fl ight on July 15, 2000. In the near infrared, water vapor is a 
strong absorber in several bands; at wavelengths less than 600 
na nom e ters (nm) the absorption is due primarily to dust. The 
calculation is from a correlated-k distribution model developed 
by R. Bergstrom and custom designed to match solar spectral 
fl ux radiometer (SSFR) spec tral range and slit function.
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its uncertainty is considered to be the largest in 
the entire global radiation budget and perhaps four 
times as large as the expected forcing due to a dou-
 bling of carbon dioxide. The Ames Radiation Group 
has provided the fi rst simultaneous mea sure ments 
of a complete spectrum of solar radiation refl ected 
from and transmitted through clouds. This enables 
assessment of the performance of models used to 
predict the amount of solar radiation ab sorbed by 
clouds. One fi nding is that the most detailed ra-
 di a tive transfer models can quantitatively match the 
measured cloud absorption over much of the solar 
spectrum. However, in some bands dis crep an cies 
between measurement and model remain and need 
to be resolved in order to better understand the role 
of clouds in the climate system. For ex am ple, a 
com par i son between measured and mod eled cloud 
irradiance and albedo during ARESEII in Figure 2 
shows a discrepancy between measured and mod-
 eled upwelling irradiance as high as 5% in the mid-
visible. However, this may be due to errors in the 

exoatmospheric solar source func tion rather than the 
cloud model.

Southern African Regional Science Initiative 
(SA FA RI)-2000
In a manner similar to the analysis of PRIDE spec-
 tral irradiance, the spectral absorption prop er ties 
of dust and smoke aerosol in the atmosphere over 
the southern African continent has been determined 
and found to be quite varied. Aerosol radiative 
prop er ties depend on composition, size, and shape 
and thus are linked to their origin. During the south-
ern Africa dry season there are various sources of 
smoke and dust ranging from an thro po gen ic sources 
such as industrial and agricultural burning to wind-
borne dust linked to agricultural practices. These 
efforts will aid in de ter min ing how these various 
types of aerosol can af fect the ra di a tive energy bal-
 ance over this region.

Aerosol Characterization Experiment-Asia 
(ACE-Asia)
ACE-Asia conducted in FY01 was the third in a 
se ries of experiments focused on aerosol radiation 
and chemistry. This latest ACE mission focused pri-
 ma ri ly on Asian dust. ARC personnel con trib ut ed by 
measuring solar spectral radiative fl ux through out 
the lower troposphere. Twenty fl ight missions took 
place over a six-week period in March and April, 
during which time nearly 200,000 spectra were col-
 lect ed. Data are being analyzed in much the same 
manner as dur ing PRIDE and SA FA RI-2000. Pre-
 lim i nary analysis indicated that the Asian dust 
absorption is similar in its spectral signature to the 
Saharan dust that was ob served over the western 
Atlantic.

Collaborators on this project were Maura Rabbette, 
John Pommier, Steve Howard, and Robert Berg-
strom, BAERI.

Point of Contact: P. Pilewskie
(650) 604-0746
Peter.Pilewskie-1@nasa.gov

Fig. 2. Upper Panel: Comparison between SSFR measured (blue 
spectra) and modeled (red spectra) upwelling and downwelling 
spectral irradiance for the ARESEII case on March 29, 2000. The 
retrieved cloud optical depth was 45 and the effective droplet 
radius was 9.5 microns. Lower Panel: Measured and modeled 
albedo (ratio of upwelling to downwelling) for the same case.
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Discriminating Type Ia and Ib Polar Stratospheric Clouds in 
POAM Sat el lite Data
Anthony W. Strawa, Katja Drdla, Rudolf F. Pueschel

A method for discriminating Type Ia and Ib polar 
stratospheric clouds (PSCs) from Polar Ozone and 
Aerosol Measurement (POAM) satellite occultation 
mea sure ments of the aerosol extinction co ef fi  cient 
is described. The method has been validated by 
applying sev er al statistical tests to the results and 
by us ing dif fer en tial ab sorp tion lidar (DIAL) and 
OLEX lidar ob ser va tions made during SAGE III 
Ozone Loss and Val i da tion Ex per i ment/Third Eu ro -
pe an Strato spher ic Ex per i ment on Ozone (SOLVE/ 
THESEO) 2000. Type Ia PSCs are be lieved to be 
com posed of large nitric-acid-con tain ing particles 
that will sed i ment out of the strato sphere, causing 
den i tri fi  ca tion and fa cil i tat ing ozone de ple tion. Type 
Ib PSCs are believed to be much smaller and will 
not sediment out of the strato sphere. Dis crim i nat ing 
between these two types of PSCs is sig nifi   cant be-
 cause it will per mit a better un der stand ing of ozone 
de ple tion today and predict the fate and effect of 
PSCs using the more con tin u ous temporal cov er age 
and larger areal cov er age that can be obtained from 
satellites.

The method is made possible by the character of 
Polar Ozone and Aerosol Measurement (POAM) 
ob ser va tions when plotted as normalized extinction 
versus wavelength dependence. As the extinction 
increases, ob ser va tions of Type Ia and Ib PSCs 
bifurcate. This behavior is also observed in ide-
 al ized simulations of the formation of Type Ib PSCs 
and NAT (nitric oxide trihydrate) particles, which 
are believed to make up Type Ib and Ia PSCs, 
respectively.

Analysis during FY01 of POAM observations 
from the 1999/2000 Arctic winter using the PSC 

dis crim i na tion algorithm revealed that the number 
of PSC ob ser va tions peaked in January. In No-
 vem ber, December, and January the ratio of Type Ia 
to Ib PSCs was about 3. In February and March this 
ratio was about 0.3. The av er age altitude of Type 
Ia PSCs de scend ed more than that of the Type Ib 
PSCs, especially in the spring, when the Type Ia ob-
 ser va tions were 2 to 3 kilometers (km) below those 
of the Type Ib observations. This is con sis tent with 
ob ser va tions of den i tri fi  ca tion during the 1999/2000 
winter.

The PSC discrimination algorithm is applicable to 
previous winters in both hemispheres, and will work 
with Stratospheric Aerosol and Gas Experiment 
(SAGE) III observations as well. This will permit a 
more ex ten sive study of the statistical signifi cance 
of some features of the PSCs observed during the 
1999/2000 Arctic winter. It is thought that the pres-
ent method of analyzing satellite data to dis crim i-
 nate Type I PSCs will be of great utility in the study 
of PSCs and ozone depletion.

Collaborators on this project were M. Fromm, 
Computational Phys ics, Inc.; K. W. Hoppel, Naval 
Research Lab o ra to ry; E. V. Browell, NASA/
Langley Re search Cen ter; P. Hamill, San Jose State 
Uni ver si ty; and David P. Dempsey, San Fran cisco 
State University.

Point of Contact: A. Strawa
(650) 604-3437
Anthony.W.Strawa@nasa.gov
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Ice Cloud Formation and Dehydration Along Parcel 
 Trajectories in the Tropical Tropopause Layer
Eric Jensen, Leonhard Pfi ster

Stratospheric water vapor is important not only for 
its greenhouse forcing, but also because it plays a 
sig nifi   cant role in stratospheric chemistry. Several 
recent studies have focused on the potential for 
dehydration due to ice cloud formation in air ris-

Evidence for the Wide spread Presence of Liquid-Phase 
 Particles During the 1999–2000 Arctic Winter
Katja Drdla, T. P. Bui, H. Jost, J. Greenblatt

In situ Multiangle Aerosol Spectrometer Probe 
(MASP) particle measurements have been analyzed 
to de ter mine the typical behavior of sulphate par-
 ti cles during the SAGE III Ozone Loss and Val i -
da tion Ex per i ment (SOLVE) campaign. The study 
has explored vari a tions in the total particle con cen -
tra tion measured by MASP. A new analysis method 
has been developed that accounts for several known 
sources of vari abil i ty in MASP concentrations. In 
the resulting dataset, variations in MASP con cen -
tra tion reveal the growth char ac ter is tics of small 
par ti cles (those that are small er than 0.2 micron 
(µm) in radius at midlatitudes). The method also 
al lows all the MASP measurements made during 
the SOLVE campaign to be in cor po rat ed in a single 
analysis.

At all levels of the stratosphere, the total MASP 
concentration varies continuously with temperature. 
This behavior is well reproduced by assuming that 
the sulphate aerosols are liquid solutions, but cannot 
be re pro duced if the aerosol is assumed to be 
frozen. At suffi ciently cold temperatures, larger 
increases in the MASP concentration are con sis -
tent ly seen; the observed onset temperature for this 
in crease is in good agreement with model ex pec -

ta tions for liq uid ternary solutions. Liquid-like 
be hav ior is apparent for all measurements made 
during SOLVE, both inside and outside the vortex, 
and even at the coldest temperatures sampled during 
the campaign. The only anom a lous measurements 
were made during the fl ight of January 14, 2001; 
how ev er, this midlatitude fl ight was very unlikely to 
contain sulphuric acid tetrahydrate particles based 
on the recent warm tem per a tures experienced by 
the air. At the levels with the coldest measured tem-
 per a tures, which cause maximum particle sizes and 
thus the greatest total MASP concentrations, 90% of 
the particles grow as liquids. There fore, the freezing 
that oc curred during the 1999–2000 Arctic winter 
was se lec tive, causing most of the particles to 
remain liq uid even in the presence of a small num-
 ber of frozen particles.

B. W. Gandrud and D. Baumgardner, NCAR; 
J. C. Wilson, University of Denver; D. Hurst, 
S. M. Schauffl er, NCAR; and C. R. Webster, JPL, 
col lab o rat ed with the Ames investigators.

Point of Contact: K. Drdla
(650) 604-5663
Katja.Drdla-1@nasa.gov

ing slowly through the tropical tropopause layer. 
These studies showed that temperature variations 
as so ci at ed with hor i zon tal transport of air in the 
tropo pause layer can drive ice cloud formation and 
de hy dra tion.
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In this study, a Lagrangian, one-dimensional cloud 
model is used to further investigate cloud formation 
and dehydration as air is transported horizontally 
and vertically through the tropical tropopause layer. 
Time-height curtains of temperature are extracted 
from meteorological analyses. The model tracks the 
growth and sedimentation of individual cloud par-
 ti cles. The regional distribution of clouds simulated 
in the model is comparable to the sub vis i ble cirrus 
distribution measured by the Strato spher ic Aerosol 
and Gas Experiment (SAGE) II satellite. The sim u -
lat ed cloud properties depend strongly on the 
assumed ice supersaturation thresh old for ice nu cle -
ation. With effective ice nuclei present (low su per -
sat u ra tion threshold), ice number densities are high 
(0.1–10 per cubic centimeter (cm-3)), and ice crys-
 tals do not grow large enough to fall very far, 
resulting in limited dehydration. With higher su per -
sat u ra tion thresholds, ice number den si ties are much 
low er (< 0.01 cm-3), and ice crystals grow large 
enough to fall substantially; however, su per sat u-
 rat ed air often crosses the tropopause with out cloud 
formation. The clouds typically do not de hy drate 
the air along trajectories down to the tem per a ture 

minimum saturation mixing ratio. Rather the water-
vapor mixing ratio crossing the tropo pause along 
trajectories is typ i cal ly 10–50% larger than the sat u -
ra tion mixing ratio.

Figure 1 shows the simulated distribution of water 
vapor near the tropopause (about 17 kilometers 
(km)) in the tropics, along with the frequency of 
clouds from the model calculations. The driest 
regions are gen er al ly displaced to the west of the 
cloud formation regions because of the rapid hor i -
zon tal transport of air par cels near the tropo pause. 
Hence, the water-vapor concentration measured in a 
particular lo ca tion may be completely unrelated to 
cloud processes oc cur ring nearby. Multidimensional 
mod els, in clud ing hor i zon tal transport, vertical 
trans port, and cloud mi cro phys ics, are required to 
investigate de hy dra tion of air entering the 
stratosphere.

Point of Contact: E. Jensen
(650) 604-4392
Eric.J.Jensen@nasa.gov

Fig. 1. The distribution of water-vapor mixing ratio (color shading) near the tropopause (about 17 km) is shown for the tropics (within 
20 degrees of the equator) based on model calculations. The black contours show the frequency (per cent age) of clouds near the tropo-
pause in the model. The clouds form most frequently just east of Indonesia, but the driest regions are displaced to the west because of 
rapid horizontal transport of air near the tropopause.

 

20

20

20

20

20

2020
2020

20

40

40

40

40

40

40

40

40

40

40

60

60

60

80

Tropopause layer H2O mixing ratio (color shading) and cloud frequency (black contours, %) 

–20

–15

–10

–5

0

5

 10

 15

 20

L
at

it
u

d
e

  2.00   2.25   2.50   2.75   3.00   3.25   3.50   3.75   4.00   4.25

Tropopause H2O Mixing Ratio (ppmv) 



211

E A R T H  S C I E N C E

E N T E R P R I S E

S G P  -  A T M O S P H E R I C  P H Y S I C S  B R A N C H

Aerosol optical properties are extremely important 
in assessing climate change. The lack of suffi cient 
knowledge of aerosol optical properties and their 
variability in the atmosphere have led the In ter gov -
ern men tal Panel on Climate Change (IPPC) to rate 
the ef fect of aerosol as the most uncertain of all 
parameters considered important to climate change. 
Currently, these aerosol properties are obtained 
from fi lter sam ples that measure absorption of black 
carbon aerosols on a time scale of tens of minutes 
to hours. Aerosol variability causes signifi cant 
chang es in optical prop er ties on the order of sec-
 onds, es pe cial ly when sampled from aircraft. Thus, 
the re search com mu ni ty is very interested in an 
instrument that can mea sure the optical properties of 
all aero sols, not just black carbon, on a time scale of 
seconds.

The Ames researchers are working with Informed 
Diagnostics, Inc. (ID) to develop an innovative 
instrument using cavity ring-down absorption spec-
 tros co py (CRDS) to measure the extinction and 
scat ter ing coeffi cients of aerosol and consequently 
the single-scatter albedo. The prototype instrument 
measures the extinction and scattering coeffi cient at 
690 nanometers (nm) and the extinction coeffi cient 
at 1550 nm. The instrument itself is small (24 x 
19 inches) and relatively insensitive to vibrations. 
The prototype instrument has been tested in the lab 
(Figure 1) and used in the fi eld. Although im prove -
ments in performance are needed, the prototype has 
been shown to make accurate and sensitive mea-
 sure ments of extinction and scattering coeffi cients 
(Fig ure 2). If these two parameters are combined, 
it is possible to obtain the single-scattering albedo 
and absorption co ef fi  cient, both important aerosol 
prop er ties. The use of two wavelengths also allows 
a quantitative idea of the size of the aerosol through 
the Ångstrom ex po nent to be obtained. Minimum 
sen si tiv i ty of the pro to type instrument is 1.5x10-6

per meter (m-1) (1.5 per micron (µm-1)). The pro-
 to type instrument dem on strates (1) fast and ac cu rate 
measurement of aero sol extinction, (2) mea sure ment 
of aero sol scattering in a CRDS system, and (3) si-
multaneous mea sure ment at two laser wave lengths. 
The in stru ment proved capable of mea sur ing the 
extinction of am mo ni um sulfate aero sol typ i cal of 
the mid- to high-tro po sphere back ground aerosol. At 
the same time the scattering of the 
aerosol was measured, and an es ti mate of its single-

In Situ Measurement of Par ti cle Extinction
Anthony W. Strawa

Fig. 1. The prototype instrument in the laboratory. The lasers are 
in the foreground and the cell is the aluminum block in the rear.

Fig. 2. Measurement of aerosol extinction coeffi cient at NASA 
ARC.
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Intensity Measurements of CO2 Absorption Bands Between 
5218 and 5349 cm-1
Intensity Measurements of CO

-1
Intensity Measurements of CO

Lawrence P. Giver, Charles Chackerian, Jr., Richard S. Freedman

scatter al be do could be made. Con tin ued de vel -
op ment of this technology is ex pect ed to lead to a 
fl ight-ready in stru ment.

T. Owano, BlueLeaf Networks, Inc., collaborated 
with the Ames researchers.

Point of Contact: A. Strawa
(650) 604-3437
Anthony.W.Strawa@nasa.gov

Line positions and intensities for several hundred 
bands of carbon dioxide (CO2) are tabulated in the 
high-res o lu tion transmission molecular absorption 
da ta base (HITRAN) com pi la tion of spec tra of at mo -
spher ic in ter est. The in ten si ties of most of the weak 
bands in this com pi la tion have not been mea sured; 
they have instead been determined from “Di rect 
Nu mer i cal Di ag o nal iza tion” (DND) as de scribed in 
the literature. Many of these bands are signifi cant 
absorbers in Venus  ̓hot, dense at mo sphere, because 
it is com posed pre dom i nant ly of CO2. Some weak 
bands are prominent absorbers in the Venus near-
infrared emis sion win dows. Lab o ra to ry mea sure -
ments were previously made of the band at 4416 per 
centimeter (cm-1) band, which is prom i nent in the 
4040 to 4550 cm-1 emission win dow, and, there fore, 
the correct in ten si ty was im por tant in the mod el ing 
work of others.

Measurements have been done on the 01121-00001 
perpendicular band at 5315 cm-1 and three of its 
hot bands. The DND intensity computations for the 
com bi na tion perpendicular bands have not been 
regarded as reliable, so measurements of several 
of these bands can be used to improve the com pu -
ta tions of the many other bands that cannot be 
measured. Indeed, the measured intensity for the 
5315 cm-1 band is about double the DND computed 
in ten si ty adopted for the 1992 HITRAN 
computation.

Linda R. Brown, JPL, collaborated on this project.

Point of Contact: L. Giver
(650) 604-5231
lgiver@mail.arc.nasa.gov

Laboratory Measurements of Near-Infrared Water Vapor 
Bands Using the Solar Spec tral Flux Radiometer
Lawrence P. Giver, Peter Pilewskie, Warren J. Gore, Charles Chackerian, Jr., Richard S. Freedman

Several groups have recently been working to 
improve the near-infrared spectrum of water vapor 
in the high-resolution transmission molecular 
absorption database (HITRAN). The unit-
conversion er rors found pre vi ous ly have now been 
cor rect ed in the recently released HITRAN-2000. 

But new measurements by other workers show 
the total intensity of the water-vapor band at 
1130 na nom e ters (nm) about 38% stronger than the 
sum of the line intensities on the revised HITRAN 
list in this region.
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Microphysical Modeling of Chlorine Activation and       
Ozone Depletion
Katja Drdla

It was important to quickly determine if the HITRAN 
intensity values are in error by as much as claimed 
by others. Only intensity errors for the strong lines 
could result in the total band intensity being in error 
by such a large amount. To quickly get a number of 
spectra of the near-infrared region from 650 to 1650 
nm, the so lar spectral fl ux ra di om e ter (SSFR) was 
used in the laboratory with the 25-meter base path 
White absorption cell. This mod er ate-resolution 
spectrometer is a fl ight in stru ment that has fl own on 
the Sandia Twin Otter for the Atmospheric Ra di a-
 tion Measurement Enhanced Shortwave Experiment 
II (ARESE II). The measured band pro fi les were 
then compared to calculated spectra using the latest 
HITRAN line in ten si ties, convolved with the SSFR 
instrumental resolution.

The spectra of the 1130-nm band, in fact, have 
some what more absorption than the HITRAN 
sim u la tions, but not as much as the 38% intensity 

increase for this band suggested in the literature. 
Al though not uni form over the entire band, an in-
 ten si ty increase of about 20% on average would be 
more com pat i ble with the data. The HITRAN line 
intensities in the 1130-nm band were adopted from 
values in the liter ature. It is expected that these 
mea sure ments of the strong lines have signifi cant 
errors because the  experimental conditions were not 
optimized to make good intensity measurements 
of these lines. These lines were typ i cal ly saturated 
at the long path lengths used to determine good 
po si tions, as sign ments, and intensities of the many 
weak er lines.

Prasad Varanasi, SUNY at Stony Brook, col lab o-
 rat ed on this project.

Point of Contact: L. Giver
(650) 604-5231
lgiver@mail.arc.nasa.gov

The effect of a range of assumptions about polar 
stratospheric clouds (PSCs) on ozone depletion dur-
 ing the 1999–2000 Arctic winter were assessed 
during FY01 using a coupled microphysical/photo-
chemical model. Simulations spanned a large range 
of denitrifi cation levels, with up to 80% vortex-
average den i tri fi  ca tion; individual tra jec to ries had 
even larger denitrifi cation values, and up to 40% de-
hydration. In ad di tion, the com po si tion of the PSCs 
was varied (ternary solutions, nitric acid trihydrate, 
nitric acid di hy drate, or ice) to explore sensitivity to 
heterogeneous reaction rates.

The presence of PSCs in the lowermost stratosphere 
during the month of February was found to be 
critical in causing severe ozone depletion below 

500 kelvin (K). Heterogeneous reactions on these 
PSCs were able to reactivate the chlorine nitrate 
(ClONO2) pro duced as sun light re turned to the vor-
 tex. Only to 30% to 40% vor tex-average ozone loss, 
depending on den i tri fi  ca tion level, would have 
occurred with out this chlo rine reactivation; with 
chlo rine re ac ti va tion, an ad di tion al 21% to 32% 
ozone loss is pos si ble. Dur ing February (unlike 
ear li er in the  winter) the extent of chlorine reactiva-
tion and se ver i ty of ozone loss were sensitive to the 
het er o ge neous re ac tion rates; varying the het er o g-
e neous re ac tiv i ty altered ozone loss by 11%. The 
heterogen eous chem is try occurred primarily from 0 
to 4 K below the nitric acid trihydrate con den sa tion 
point; how ev er, many uncertainties in fl u ence het-
 er o ge neous re ac tion rates at these tem per a tures.
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The chlorine reactivation during February also pre-
 vent ed denitrifi cation from enhancing ozone loss 
until March: 70% vortex-average den i tri fi  ca tion 
enhanced ozone depletion by only 3% on March 
10. The breakup of the vortex at this time prob a bly 
lim it ed the extent of ozone depletion dur ing the 
1999–2000 winter. If the vortex had re mained sta ble 
until April 15, further ozone loss could have been 
caused by the observed levels of denitrifi cation. On 
April 15, 16% ozone loss (out of a total 68% ozone 
loss) could be caused by 70% den i tri fi  ca tion. Ozone 

loss intensifi es nonlinearly with en hanced den i tri f-
i ca tion: in individual air par cels with 90% den i tri f-
i ca tion, more than 40% ozone loss in mid-April can 
be attributed to den i tri fi  ca tion alone.

M. R. Schoeberl, GSFC, collaborated with the Ames 
investigator.

Point of Contact: K. Drdla
(650) 604-5663
Katja.Drdla-1@nasa.gov

Microphysical Modeling of Polar Stratospheric Clouds, 
 Denitrifi cation, and De hy dra tion
Katja Drdla

The freezing processes that may lead to the for-
 ma tion of solid-phase polar stratospheric clouds 
(PSCs) have been examined to assess their winter-
long effects, especially denitrifi cation, in a coupled 
microphysical/pho to chem i cal model. Trajectory 
simulations using data from November 1999 to 
April 2000 used a large set of trajectories that pro-
 vid ed representative coverage of the entire Arctic 
vortex through the period of PSC for ma tion and 
ozone depletion.

A freezing process occurring at temperatures above 
the ice frost point is shown to be necessary to 
explain both the occurrence of solid-phase PSCs 
early in the winter and denitrifi cation, especially 
without de hy dra tion. If freezing occurs only below 
the ice frost point, the primary contributor to den i -
tri fi  ca tion is actually sedimentation of liquid-phase 
PSC par ti cles. The mechanism of a second freezing 
process, occurring above the ice frost point, can-
not yet be conclusively determined. Of the cases 
con sid ered, heterogeneous freezing of the aerosol to 
form nitric acid trihydrate (NAT) particles best 
reproduced sol id-phase PSC formation and ob ser -
va tions of wide spread denitrifi cation with limited 
dehydration. The simulations constrain the number 

of frozen par ti cles to be near either 0.02% or 1% of 
the total aerosol number; values between 0.02% and 
1% produce more intense den i tri fi  ca tion than 
observed, demonstrating that small chang es in the 
num ber of frozen particles could ex ac er bate den i tri f-
i ca tion. However, this result was contingent upon 
assuming that the heterogeneous nuclei remain 
active, pro duc ing PSCs throughout the winter. An 
ide al ized ho mo ge neous freezing pro cess was also 
able to pro duce NAT PSCs and den i tri fi  ca tion (rates 
of 106–107 per cubic centimeter per second 
(cm-3s-1) compared favourably with data), but 
dif fered from observations in one key aspect: de-
n i tri fi  ca tion was more frequently accompanied by 
de hy dra tion. Ni tric acid dihydrate (NAD) par ti cles 
were less ef fec tive than NAT at denitrifi cation, 
but het er o ge neous freezing of 0.1% of the aerosol 
yield ed results mar gin al ly consistent with mea sure -
ments. An im por tant limitation of all the scenarios 
con sid ered, however, is that they produced more 
intense and more widespread dehydration than was 
ob served. This suggests that model minimum tem-
 per a tures (from United Kingdom Meterological 
Organization (UKMO) analyses) were too cold by 
1 to 3 K.
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Precipitation Condensation Clouds in Substellar 
 Atmospheres
Andrew Ackerman

Research on this topic continues in order to further 
characterize the freezing processes. Simulations are 
being conducted using recent laboratory mea sure -
ments on the homogeneous freezing rates of liquid 
solutions to form NAD and NAT. These laboratory 
rates are also being extrapolated in order to un der -
stand in detail how heterogeneous freezing may 
occur in the stratosphere.

Collaborators on this project were M. R. Schoeberl, 
Goddard Space Flight Center, and E. V. Browell, 
Lan gley Re search Center.

Point of Contact: K. Drdla
(650) 604-5663
Katja.Drdla-1@nasa.gov

Condensation clouds of silicate and iron in brown 
dwarfs, and water in extrasolar giant planets likely 
play a leading-order role in the emitted (and 
refl ected) spec tra from these objects. Until now, a 
theoretical model has not been available to calculate 
the ver ti cal profi le of condensate opacity in the 
atmospheres of these ob jects, which is a critical 
com po nent of any model of their emergent (and 
re fl ect ed) spectra. Such a model has been developed 
that predicts the vertical profi le of condensate mass 
and its dis tri bu tion over particle size.

The model assumes a steady-state balance between 
turbulent mixing (upwards) of vapor and condensate 
and sedimentation of condensate (downwards), in 
which the vapor concentration is limited to not 
exceed the sat u ra tion vapor pressure. The sed i -
men ta tion rate is scaled to the convective velocity 
scale by a prescribed di men sion less parameter, frainscale by a prescribed di men sion less parameter, frainscale by a prescribed di men sion less parameter, f , 
which is also tied to the modal radius of condensate 
particles (assumed to follow a log-normal size dis-
 tri bu tion). Measurements and model simulations of 
terrestrial clouds show that frainterrestrial clouds show that frainterrestrial clouds show that f  is less than unity 
for stra toc u mu lus, but increases to much greater val-
ues for deep er convection such as found in the trade 
cu mu lus regime. High values of fraincu mu lus regime. High values of fraincu mu lus regime. High values of f  are expected 

for skewed circulations (narrow updrafts, broad 
downdrafts) and/or small concentrations of con den -
sa tion nuclei.

Calculations from the model with measurements of 
the ammonia cloud on Jupiter fi nd agreement for 
mod er ate values of frainmod er ate values of frainmod er ate values of f  (~3). The measurements are 
rather uncertain, but the model is able to fi t nu mer ous 
in de pen dent constraints, including cloud phys i cal 
thickness, optical depth, and average par ti cles size.

Also in this study, theoretical cloudy atmospheres 
in brown dwarfs and an extrasolar giant planet 
were com put ed. The model is able to reproduce 
the mea sured color trend (a blueward shift) for the 
tran si tion between L and (cooler) T dwarfs (see 
Figure 1). Sedimentation in the model limits the 
physical thick ness of the sil i cate (and iron) clouds, 
allowing these clouds to sink below the visible at-
mosphere (chromosphere) for pro gres sive ly cooler 
brown dwarfs. The model fi ts the data reasonably 
well for values of frainwell for values of frainwell for values of f  between 3 and 5, though the 
blueward shift in the observations is more extreme 
than the model is able to reproduce. It is hy poth e-
 sized that the appearance of holes as the clouds 
descend into the troposphere (where convection is 
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ex pect ed to be stron gest) provides for a more rapid 
blueward shift than the horizontally homogeneous 
model is able to explain. A simple treatment of 
fractional cloudiness will be added to the model to 
address this issue.

Mark Marley, SST branch, collaborated on this 
project.

Point of Contact: A. Ackerman
(650) 604-3522
Andrew.S.Ackerman@nasa.gov

Fig. 1. J-K color of brown dwarfs as a function of effective tem-
perature. Measurements are shown as symbols; the prototypical 
T-dwarf Gliese 228 B is shown as a fi lled symbol. Four cases 
are shown for the present model: evolution with no clouds, and 
with clouds with different values of the model parameter frainwith clouds with different values of the model parameter frainwith clouds with different values of the model parameter f
(as given). Also shown are color trends (for objects of 30 and 
60 Jupiter masses) from the Chabrier model, denoted “COO,” in 
which there is no sedimentation. The lack of condensate sedi-
mentation in that model results in an unrealistic redward trend 
(characteristic of a blackbody) in the transition regime between L 
and T dwarfs.

Quantitative Spectroscopy of Minor Constituents of the 
Earth’s Stratosphere
Charles Chackerian, Jr., Lawrence P. Giver

The focus of this work has been on determining ab-
solute line intensities for the carbon monoxide (CO) 
and nitric acid (HNO3) molecules.

Very accurate measurements of CO have been made 
on the 3-0 and 2-0 vibrational bands. The results of 
these measurements have been combined with quan-
 tum-mechanical calculations of numerical wave 
functions to obtain a revised electric-dipole-moment 
function for CO. This function will soon be used to 
correct the many thousands of line in ten si ties listed 
in the high-resolution transmission mole cular ab-

 sorp tion (HITRAN) da ta base for nor mal CO and its 
im por tant isotopic mod i fi  ca tions. The results of this 
work are used where CO is mon i tored using in fra red 
spec tros co py, when the sun is used in  observations 
as a back ground light source, in mod el ing the at mo -
spheres of cool stars such as brown dwarfs, and in 
the analysis of com bus tion sources.

The challenge in obtaining accurate intensity para-
meters for HNO3 has been in obtaining a pure 
sam ple of gas. The thermal de com po si tion of HNO3
occurs in a short period compared to the  period 
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The Effect of Large Vol ca nic Eruptions on Arctic Ozone Loss 
and Recovery
Azadeh Tabazadeh, Katja Drdla

 required to record a high-resolution in ter fer o gram. 
A pure gas sample has been obtained by synthe-
sizing HNO3 at the spec trom e ter and then fl ow ing 
this gas through the spec trom e ter ab sorp tion cell 
while the interferogram was recorded. In this way, a 
high-quality set of high-spectral-resolution spectra 
 between 800 per centimeter (cm-1) and 3600 cm-1

were obtained. Also obtained were low-resolution 
(0.112 cm-1) spectra over the same spec tral region, 
which were analyzed for spec tral ab sor ben cy at 

~0.056 cm-1 intervals. This work on HNO3 has rel-
 e vance for its monitoring in the at mo sphere and in 
interpreting the spectral sig na tures of aerosols and 
other species, which occur in over lap ping spectral 
regions.

Point of Contact: C. Chackerian, Jr.
(650) 604-6300
cchackerian@mail.arc.nasa.gov

Eruptions with a volcanic explosive index (VEI) 
of 4 or higher produce signifi cant stratospheric 
injections. Sulfur dioxide, the most important at-
 mo spher ic component of volcanic emissions, is 
con vert ed into sulfate aerosols after injection into 
the stratosphere. More than 100 eruptions with VEIs 
equal to or greater than 4 are thought to have 
occurred in the past 500 years. In Figure 1, the his-
 tor i cal record of volcanic eruptions is in ferred from 
the aerosol optical depth measurements. However, 

only about half of all large eruptions are sulfur 
rich. Both the 1982 El Chichon (VEI = 4) and 1991 
Mt. Pinatubo (VEI = 5) erup tions were sulfur rich, 
pro duc ing volcanic clouds in the stratosphere that 
last ed for many years. In Fig ure 2, the time evo lu -
tion of the Pinatubo volcanic plume is shown 1 day, 
1 month, and 2 months after the eruption. It is clear 
that volcanic aerosols are abundant in the Arctic 
region within a few months after the erup tion. On 
the other hand, the rel a tive ly sulfur-poor eruption of 
Mt. St. Helens (VEI = 5) in 1980 contributed very 
little sulfate mass to the strato spher ic aerosol layer. 
Overall, large sulfate-rich eruptions are common. 
Therefore, it is im por tant to understand to what 
extent they could affect the Arctic ozone layer in the 
next 30 years or so while an thro po gen ic chlorine 
levels are still suf fi  cient ly high (~3 parts per billion 
by volume (ppbv)) to cause severe ozone depletion.

Model simulations have shown that the early rapid 
growth of the Antarctic “ozone hole” in the early 
1980s may have been infl uenced in part by nu-
 mer ous large volcanic eruptions. The goal of this 
study is to explore how a large eruption could affect 
Arc tic ozone loss processes, such as chlorine acti-
vation and denitrifi cation, in a cold year within the 

Fig. 1. The stratospheric aerosol optical depth (at λ = 0.55 
micron) over time in the last 150 years.
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Fig. 2. Dispersal of the Mt. Pinatubo plume 1 day, 1 month, and 2 months after the eruption. It is clear that within a few 
months of the eruption, volcanic material (particularly at lower altitudes) was globally distributed in both hemispheres. 
The red and orange colors show plume dispersion at higher altitudes (above 20 kilometers (km)), whereas the green and 
blue colors show plume dispersion at lower altitude (below 18 km).
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The Effect of Nitric-Acid Uptake on the Del i ques cence and 
Effl orescence of Binary Am mo ni at ed Salts in the Upper 
 Troposphere
Jin-Sheng Lin, Azadeh Tabazadeh

ammonium and sulfate ions in the aqueous salt so-
 lu tion to form (NH4)3H(SO4)2 (1etovicite). Letovi-
cite is a new salt that can not form in a pure aqueous 
(NH4)2SO4 so lu tion that is exposed only to gas-
phase H2O, because this salt for ma tion requires the 
presence of H+ in solution.

In Figure 1(a) the variation of the DRH is shown 
for the (NH4)2SO4 system both in the presence 
and in the absence of gas-phase HNO3. The HNO3
con cen tra tion ranges from zero to background (100 
parts per trillion by volume (pptv)) and polluted (up 
to 2 parts per billion by volume (ppbv)) levels in the 
upper tro po sphere. The green line shows the stan-
 dard DRH where the gas-phase HNO3 is set to zero 
in the cal cu la tions, which is the condition used in all 
the lab o ra to ry ex per i ments to date. The black lines 
show the effect on the DRH after HNO3 is in tro -
duced into the gas phase. It is clear from the results 
shown in Fig ure 1(a) that HNO3 can strong ly affect 
the DRH be hav ior of the (NH4)2SO4 system. Sim-
 i lar results are shown in Figure 1(b) for the am mo -
ni um hydrogen sulfate (NH4HSO4) system. Over all, 
the more HNO3 gas phase in the at mo sphere, the 
more it can affect the DRH be hav ior of the binary 
am mo ni at ed aerosol system. In addition, as shown 

Up to now laboratory experiments under upper 
tro po spher ic conditions have measured only the 
del i ques cence and effl orescence relative humidities 
of binary ammoniated salts in the absence of gas-
phase nitric acid. In this research a thermodynamic 
elec tro lyte model is used to examine how nitric acid 
(HNO3), which is abundant in the atmosphere, can 
affect the del i ques cence and effl orescence prop er ties 
of binary ammoniated salts in the upper 
troposphere.

Traditionally the deliquescence relative humidity 
(DRH) for a binary salt is defi ned as the relative 
humidity at which a dry salt particle instantaneously 
turns into an aqueous solution droplet. In fact, many 
laboratory observations at or near room temperature 
show that binary salts do abruptly change phase at 
a fi xed RH known as the DRH. However, in the 
atmosphere such a defi nition is too simple because 
a dried-up salt par ti cle is exposed to other gaseous 
components (besides just H2O vapor, which de ter -
mines the RH) such as gas-phase HNO3. For 
example, previous research has shown that HNO3
is not only highly soluble in an aque ous solution of 
ammonium sulfate ((NH4)2SO4) at cold upper tro-
 po spher ic tem per a tures, but it can interact with 

current range of natural variability. It is pro ject ed 
that the Arctic climate may be colder in the future 
as a result of greenhouse gas emissions and their 
buildup in the lower troposphere. Thus, investigated 
here is how a possible large eruption could affect 
ozone loss in a colder Arctic climate. In this project, 
a chemistry-microphysics model (the Integrated Mi-
croPhysics and Aerosol Chemistry on Tra jec to ries 
(IMPACT) model) is used to in ves ti gate how the 

continuous presence of volcanic cloudy-like condi-
tions in the Arctic can affect ozone loss processes, 
such as chlo rine activation and denitrifi cation, in a 
cold year such as the winter of 1999–2000.

Point of Contact: A. Tabazadeh
(650) 604-1096
Azadeh.Tabazedeh-1@nasa.gov
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Fig. 1. The effect of HNO3 uptake on the deliquescence of (NH3 uptake on the deliquescence of (NH3 4 uptake on the deliquescence of (NH4 uptake on the deliquescence of (NH )4)4 2SO4 (a) and NH4 (a) and NH4 4 (a) and NH4 (a) and NH HSO4 (b) in the upper troposphere. The ice nucleation 4 (b) in the upper troposphere. The ice nucleation 4
and ice saturation lines are marked on the plot. The green lines show the standard DRH behavior in the absence of HNO3. The black 
lines show the effect of HNO3 uptake for a gas-phase mixing ratio of ~100 pptv and 2 ppbv. Lines marked as S show the point where 3 uptake for a gas-phase mixing ratio of ~100 pptv and 2 ppbv. Lines marked as S show the point where 3
the aqueous solutions fi rst appears. Line L (in panels a and b) marks the point where letovicite will fully dissolve in the aqueous solu-
tion. Between the lines S and L the equilibrium system is mixed phase. Below the line labeled as S the dry salt will be composed of 
letovicite plus NH4letovicite plus NH4letovicite plus NH NO3 and NH3 and NH3 4 and NH4 and NH HSO4 in panels a and b, respectively. See the text for more detail. Model cal cu la tions were performed 4 in panels a and b, respectively. See the text for more detail. Model cal cu la tions were performed 4
using a fi xed binary salt concentration of 10-9 mole per cubic meter (m-9 mole per cubic meter (m-9 -3) (~100 ppt at 200 millibars (mb)) for all panels. The HNO-3) (~100 ppt at 200 millibars (mb)) for all panels. The HNO-3 3
con cen tra tion was set to zero for the standard calculations and was varied from 1 (~100 ppt at 200 mb) to 20 (~2 ppbv at 200 mb) x 
10-9 moles m-9 moles m-9 -3 in the HNO-3 in the HNO-3 3 simulations. Note that in order to obtain the results shown, neither H3 simulations. Note that in order to obtain the results shown, neither H3 2 simulations. Note that in order to obtain the results shown, neither H2 simulations. Note that in order to obtain the results shown, neither H SO4 nor HNO4 nor HNO4 3 hydrates were 3 hydrates were 3
allowed to form during the model simulations.

in Fig ure 1, there is no abrupt change in the physical 
state of the ther mo dy nam ic system (in stan ta neous 
change of a dry salt particle into an aque ous so lu -
tion) at the del i ques cent point, be hav ior typical for 
such a phase transition in the pres ence of only water 
vapor.

Exposure of ammoniated salts to nitric acid can also 
affect the effl orescence relative humidity (ERH) of 
bi na ry ammoniated salts in the upper troposphere. 
Effl orescence is the RH at which a binary aqueous 
solution of a salt instantaneously turns into the crys-

 tal line state. Figure 2 illustrates how saturation 
ratios (crystalline) for (NH4)2SO4 and NH4HSO4, 
both at background mixing-ratio levels, change with 
rel a tive humidity and HNO3 concentration at 230 
K. Crystalline states of a salt in solution can form 
only when the saturation ratio (SR) of the salt ex-
ceeds unity. As shown in Figure 2, SR of letovicite 
is high er than that of either of the bi na ry salts in 
the aqueous solution by a factor of over 10 for RHs 
above 50%, indicating that the likelihood for letovi-
cite to crystallize from these solutions is 
favored over the binary salts.
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Fig. 2. The effect of HNO3 uptake on the effl orescence of (NH3 uptake on the effl orescence of (NH3 4 uptake on the effl orescence of (NH4 uptake on the effl orescence of (NH )4)4 2SO4 (a) and NH4 (a) and NH4 4 (a) and NH4 (a) and NH HSO4 (b) solution in the upper tro po sphere at 230 K. 4 (b) solution in the upper tro po sphere at 230 K. 4
The variations in the salt saturation ratio as a function of RH are also shown. The room temperature (RT) ERH for both (NH4The variations in the salt saturation ratio as a function of RH are also shown. The room temperature (RT) ERH for both (NH4The variations in the salt saturation ratio as a function of RH are also shown. The room temperature (RT) ERH for both (NH )4)4 2SO4 and 4 and 4
letovicite is shown as a dashed line. The ice saturation line at 230 K is also marked. The shaded area marks the region where both ice 
and ammoniated salts are saturated in the aqueous solution. See text for more detail. The model conditions used for binary salts and 
various HNO3 concentrations are described in the caption for Figure 1. In order to obtain salt saturation ratios in solution, it is 3 concentrations are described in the caption for Figure 1. In order to obtain salt saturation ratios in solution, it is 3
assumed that the solution was supercooled and, therefore, neither salts nor ice were allowed to form during the simulations.

The results of this work show that both the DRH 
and ERH of binary ammoniated salts in the upper 
tro po sphere are signifi cantly im pact ed by gas-phase 
HNO3. The DRH cannot occur via the standard 
abrupt change in the physical state of the system 
(a salt particle quick ly turning into an aqueous so-
 lu tion droplet). In ad di tion, it will be unlikely for 
either (NH4)2SO4 or NH4HSO4 to crystallize in 
up per tro po spher ic aerosol so lu tions. Instead, the 
crys tal line state of both salts in the upper tro po -
sphere is letovicite, which can then co ex ist with 
an aqueous solution. Thus, the state of aerosols 
(con tain ing both ammonium and sulfate ions) is 

often mixed in the upper troposphere. Both the ice 
nu cle at ing prop er ties and the het er o ge neous re ac -
tiv i ty of upper tro po spher ic particles are dependent 
upon the aerosol solution phase and composition 
and, there fore, the ef fect of HNO3 should be 
considered to accurately predict the physical state 
of ammoniated aerosol particles in the upper 
troposphere.

Point of Contact: J. Lin
(650) 604-5505
jlin@mail.arc.nasa.gov

Relative humidity (%)

S
al

t 
sa

tu
ra

ti
o

n
 r

at
io

50 55

2
ppb

Ic
e 

sa
tu

ra
ti

o
n

Letovicite saturation

2
ppb

100
ppt

RT
ERH100

ppt

0

60 65 70 75 80 85 90
.1

1

10

100

(NH4)2SO4 Saturation

a)

���������������������

�
��
��
��
��
��
��
�
�
��
��
��

�� ��

�
����

�
����

�

� ��
��
��
��
��
��
�
�

���������������������

��
���

�� �� �� �� �� �� ��
��

�

��

���

������������������

��



222

The Runaway Greenhouse Effect on Earth and Its 
 Implication for Other Plan ets
Maura Rabbette, Peter Pilewskie, Christopher McKay (Code SST), Richard Young (Code SST)

The primary greenhouse gas in the Earthʼs at mo -
sphere is water vapor, which is an effi cient absorber 
of out go ing longwave infrared radiation. When sur-
 face temperature increases, increased evap o ra tion of 
water from the surface further increases water vapor 
in the at mo sphere, causing more of an atmospheric 
green house effect. This in turn further increases 
the sur face temperature. If this cycle continues 
unchecked, a runaway green house effect occurs. Ve-
 nus is thought to be an example where the run away 
greenhouse caused the loss of es sen tial ly all water 
from the planet. The runaway greenhouse effect is 
also a factor in determining the hab it able zone of 
extrasolar planets. Planet hab it abil i ty is a principal 
topic in Astrobiology, a fi eld for which Ames has 
major responsibilities. There is ob ser va tion al ev i -
dence that the runaway greenhouse effect may occur 
locally on Earth. Using Earth science satellite data 
and other in situ data, it is possible to model the 
sig na ture of the runaway greenhouse 
effect. This will allow determination if, in fact, the 

runaway greenhouse effect does occur locally on 
Earth. If so, key insights will be gained into the 
Earthʼs cli ma tol o gy, as well as the pro cess es 
involved in de ter min ing planet habitability.

The process involves combing the vast oceanic and 
atmospheric data archives to retrieve measurements 
ac quired with instruments and sensors on various 
platforms, including buoys, ships, radiosondes, 
high altitude aircraft, and satellite platforms. The 
re trieved global datasets give both spatial and tem-
 po ral observations (in clud ing daily, weekly, and 
month ly averages) of sea surface temperatures, top 
of the atmosphere outgoing infrared fl ux to space, 
atmospheric humidity, and temperature profi les 
(Fig ure 1). The region that was con sid ered covers a 
large area of the Pacifi c Ocean: longitude 150°E to 
110°W, latitude 35°S to 35°N, subdivided into 2.5° 
x 2.5° grid boxes. This region is important because 
it includes the Pacifi c Warm Pool where the high est 
sea surface temperatures occur.
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Fig. 1. A sample of satellite and in situ data used to model the runaway greenhouse effect. (a) Mean sea surface temperature, 
(b) Mean relative humidity for various atmospheric altitudes.
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Point of Contact: M. Rabbette
(650) 604-0128
mrabbette@mail.arc.nasa.gov
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Fig. 1. Concluded. (c) Mean clear-sky upward longwave fl ux, (d) Mean air temperature for various atmospheric altitudes.
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